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Abstract 
Establishment of efficient irrigation and drainage management for sustainable crop 
production can be a complex process because of the interactions that exist between 
the system variables involved such as the crop, soil water, and hydroclimatic 
conditions. Mathematical modelling has been recognised as a useful approach in the 
assessment of the impact of different irrigation and drainage practices on crop yield. 
The usefulness of mathematical models in identifying efficient management 
strategies under uncertain conditions is, however limited by the theories used in 
models as well as by the availability and quality of field data that can be used in the 
calibration and validation of these models. Many models have been developed and 
used to simulate water and solute flux in the crop rootzone. This thesis describes the 
development and application of the WAVE model to simulate water and solute 
transport in the vadose zone and their effect on crop transpiration and yield. 
The WAVE model was modified to include the effect of salinity on crop 
transpiration, and used to simulate soil water balances, to investigate long-term 
salinity build-up in the root zone, and in conjunction with a crop yield response 
model to assess their effect on crop yield. The practicality of the modelling approach 
in the establishment of optimal irrigation and drainage practices is considered 
through application to the Makhtaaral region of South Kazakhstan. The impact of 
several irrigation and drainage scenarios was evaluated. Optimal irrigation and 
drainage strategies for sustainable crop production have been derived. 
For the problem considered in this study, the WAVE model, along with the crop 
yield response model, can be used as a tool for assessing the impact of different 
irrigation and drainage scenarios on crop yield. The results demonstrate that the 
modelling approach is robust and applicable under and and semi-arid conditions and 
to a wide range of water shortage and salinity conditions. 
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Water is essential for plant growth. It plays an important role in most physiological 
processes and transports nutrients to the plant from the soil through the root system. 
When soil moisture in the rootzone is insufficient to meet crop water requirements, 
crop transpiration and yield decrease below their potential values and the crop is said 
to be under water stress. In areas of limited water resources, where annual 
precipitation is not sufficient to meet crop water requirements, irrigation is needed to 
provide the soil rootzone with adequate moisture to avoid physiological water stress 
in the crop and to achieve acceptable yield. 
The situation becomes more critical when water shortage is combined with salinity 
problems. Soil salinity is usually caused by irrigating with low quality water or by 
the upward movement of saline water from a shallow watertable as a result of 
inadequate drainage. Sustainable crop production can only be achieved if rootzone 
salinity does not exceed a threshold value, which varies according to crop type. 
Water shortage and salinity are the major limiting factors to agricultural production 
under arid and semi-arid conditions. The combined effects of water stress and 
salinity reduce crop transpiration and result in low yield. 
Under these conditions, it is necessary to establish sustainable irrigation and drainage 
management practices. Establishment of sustainable irrigation and drainage 
management is complicated by the complex interactions that exist between the crop, 
soil water, and hydroclimatic conditions. Mathematical models that deal with water 
and solute transport in the unsaturated or variably saturated zone, along with crop 
yield response models, can be useful in assessing the impact of different irrigation 
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and drainage practices on crop yield. This is of particular value in areas where water 
and salinity are the most limiting factors for agricultural production. 
Following this introduction, section 1.2 presents the research problem. Section 1.3 
gives an introduction to the republic of Kazakhstan and describes the Makhtaaral 
Region of South Kazakhstan, which is the area considered in this research. Section 
1.4 gives general background to the Water Resources Management and Land 
Improvement Project (WRMLJP), defines the project aims and objectives and 
outlines the irrigation and drainage systems as well as irrigation and drainage 
practices that have been used since the early 1990s. Section 1.5 demonstrates the 
need for mathematical modelling, presents a brief review of the general concepts of 
existing unsaturated zone models and their importance in the area of irrigation water 
management. Section 1.6 gives the reasons for undertaking this research and Section 
1.7 gives an outline of the objectives of this research. The contributions made in this 
research are presented in section 1.8. Finally, section 1.9 presents the thesis layout. 
1.2 Problem Statement 
Global population was 4.4 billion in 1980, 6.5 billion in 2005, and is expect to reach 
8.1 billion by 2030 (UNDP, 2005). Population growth is putting increasing strain on 
water resources, and a major future challenge is in ensuring reliable food production 
for the growing population. A significant part of expected future population growth 
will be in arid and semi-arid areas, where water is already a scarce resource, and 
irrigation essential for crop production. The FAO online database FAOSTAT 
indicates that between 1961 and 2003, the global area of arable land / permanent 
crops increased from 1,367 million hectares to 1,541 million hectares. Over the 
same period, the area of irrigated agriculture increased from 139 million hectares to 
277 million hectares. Currently about 18% of the global cropped area is irrigated, 
but this land is producing about 40% of the global food production (Schultz, 2001). 
The irrigation sector is thus of vital importance to future food security. 
Approximately 50 million hectares of the globally irrigated land is drained (Davis 
and Hirji, 2003), and this land contributes 10 to 15% of global food production 
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(Smedema, 2002). Drainage improves agricultural productivity and is required 
where there is water logging and where salinity is a problem. While the global 
irrigated area was increasing at a rate of about 2% per year during the 1960s and 
1970s, it has now reduced to about 1.4%, partly because irrigated land is going out of 
production as a result of salinisation (Davis and Hirji, 2003). 
Salinity and water logging are the most significant threats to sustainable irrigated 
agriculture in many parts of the world. Increased agricultural production to meet the 
needs of a growing global population will come largely from the irrigation sector, but 
only with improved water management. Estimates of the areas affected by salinity 
and water logging vary. Szabolcs (1994) has estimated that 40 to 50% of the 
globally irrigated area is affected by salinity and sodicity caused by poor irrigation 
and agronomic practices. Konukcu et al., (2005) estimate that about 45 million 
hectare (16%) of the globally irrigated area suffers from irrigation-induced salinity 
problems. It has been estimated that about 10 million hectares of agricultural land 
are lost each year through salinisation and water logging, of which 1.5 million 
hectares is in irrigated areas (Khan et al., 2006). Irrigation plays an important role 
in the economies of many countries in and and semi-arid areas. Around 65% of the 
globally irrigated area is in Asia. Salinity problems central Asia, China and Pakistan 
and India are particularly severe. 
In the central Asian countries in the Aral Sea Basin - Kazakhstan, Turkmenistan and 
Uzbekistan, around 22 million people depend upon irrigated agriculture. These 
countries have some of the largest irrigation schemes in the world (ADB, 1997). 
However, water shortage and salinity are serious problems. Where water is scarce, 
there is a tendency not to apply adequate leaching water quantities and if irrigation is 
with water of poor quality (more than 1000 rng / litre of dissolved salts), salinity 
build up in the soil horizons in inevitable, and indeed has occurred. 
The sustainable management of irrigation and drainage systems to maintain and 
improve crop production is one of the most significant needs of the rural poor 
throughout the developing world. 	Addressing this need requires improved 
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knowledge of processes in the soil horizons, along with improved means of 
disseminating best practices to farmers, water user groups, and other water 
management organisations. The best scientific solutions must be brought to the 
farmers in a manner that is easily understood and applicable by them. This research 
focuses on achieving efficient irrigation and drainage management for sustainable 
crop production. 
The research focuses on South Kazakhstan which has a serious water shortage, water 
logging and salinity problems caused by poor irrigation and drainage management. 
South Kazakhstan provides a suitable case study as recent water management studies 
have led to the development of a reasonable database of crop and soil characteristics, 
as well as water management and quality records. The approaches developed as part 
of this research are generic, although specific recommendations relate to South 
Kazakhstan. 
1.3 Kazakhstan 
The University of Edinburgh has been involved with Mott MacDonald (consulting 
engineers) on the Water Resources Management and Land Improvement Project 
(WRMLIIP) in South Kazakhstan. The project investigated water management 
practices, and much of the data collected has been available for and widely used in 
the research described in this thesis. Water shortage and salinity are significant 
problems in Kazakhstan. 
Kazakhstan was one of the former Soviet Union republics and became an 
independent state in December 1991. It is located in Central Asia, bordered to the 
west by the Caspian Sea, to the east by China, to the north by Russia; and to the 
south by Turkmenistan, Uzbekistan and Kyrgyzstan (Figure 1.1). The country is rich 
in land resources suitable for agricultural production. In 1992 the total planted area 
was 36.5 million hectares, of which 2.3 million hectare were irrigated. However, 
more than 33% of this area is affected by salinity (Table 1.1) (Bucknall etal., 2003). 
In 1990, agriculture was the second largest sector of the Kazakh economy, 
contributing about 11 percent of the Gross Domestic Product (GDP) (Bucknall et al., 
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2003) and employing about 17% of the work force (ADB, 1997). Wheat, maize, 
potatoes, vegetables and grapes are the major food crops planted in South 
Kazakhstan, in addition to the main industrial crops of cotton and sugar beet. 
The Makhtaaral Region, which is the area considered in this research, is located in 
the South Kazakhstan near the border with Uzbekistan. Under the dry climate of the 
region, irrigation is needed to achieve acceptable agricultural production. The total 
irrigated area in this region is 32,500 hectares and much is threatened by a high 
watertable and salinity. Cotton accounts for about 70% of the cultivated area of 
South Kazakhstan. Seasonal precipitation and available water resources for irrigation 
together, have not been sufficient to meet the cotton water requirements since the 
early 1990s. In addition, irrigation with water of low quality, and poor leaching and 
drainage management as well as a shallow watertable, has increased the salt content 
in the soil root zone. As a result, the cotton yields reduced by about 40% due to 
water stress, salinity and waterlogging, during the 1990s. This in turn has resulted in 
a considerable decrease in net returns from crop production (Mott MacDonald, 
1999). 
Under the present conditions there are some areas in which plants are not under 
salinity stress since the soil salinity is still under the threshold value at which stress 
begins. Water stress has in fact been the main reason for declining yields. Salinity 
will, however, become a major problem in the near future (Mott MacDonald, 2004) 
if appropriate action is not taken now. 
1.4 	The WRMLIP Project 
After the independence of Kazakhstan from the former Soviet Union, many state 
owned farms in South Kazakhstan, including the organisations that managed them, 
were privatised. There was no restructuring of these organisations or of the physical 
facilities of the agricultural system. This led to breakdown of the irrigation and 
drainage systems, damage to the environment and a significant reduction in 
agricultural production. As a result, the watertable rose to be in the rootzone causing 
salinity and waterlogging problems. ADB (1997) indicated that about 80% of the 
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irrigated area was affected by salinity and water logging. During the 1990s, the main 
influence on crop yield was, however, water stress and not salinity. 
Table 1.1: Land salinisation in Central Asia 
Country 	Irrigated Area 	Area Affected by salinisation 
(ha) 	 ha 	% of Irrigated Area 
Kyrgyz Republic 1,077,100 124,300 11.5% 
Tajikistan 719,200 115,000 16.0% 
Kazakhstan 2,313,000 >763,290 >33.0% 
Turkmenistan 1,744,100 1,672,592 95.9% 
Usbekistan 4,280,600 2.140,550 50.1% 
Central Asia in 
Total 10,134,000 4,815,732 47.5% 
Source: Irrigation in Central Asia (Bucknall et al., 2003) 
-: 
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Figure 1.1: Map of Kazakhstan 
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Mott MacDonald, in association with Temelsu and Zher-Ana, carried out the 
WRMLIP project, which was funded by the Asian Development Bank (ADB) and 
the Government of Kazakhstan. The project area is a part of the major irrigated 
agricultural area of Golodnaya Steppe. Figure 1.2 shows the project location. 
One of the project aims was to improve irrigation and drainage management and to 
increase agricultural productivity through maximising crop return per unit of water 
applied. In addition, the project also aimed to provide field and laboratory equipment 
and materials required for data collection as well as providing training for the staff of 
the organisations dealing with the agricultural system and tasked to take over 
management responsibilities of the irrigation and drainage systems. 
I .4I Irrigation System 
The water source for Irrigation in Makhtaaral is the Syr Darya River, which flows 
from the Tien Shan Mountains in Kyrgyzstan. The length of the Syr Darya is 2,529 
km. The last 1700 km are through Kazakhstan, where the river exhibits a strong 
meander pattern (EC, 1997). The water is diverted from Syr Darya River at the 
Farkhadskaya Hydroelectric complex in Uzbekistan by the 113 km long unlined 
Dostyk Canal, which has 73 km in Uzbekistan and 40 Km in Kazakhstan. The canal 
flow at the head is about 230 m3/s with salinity of approximately 1100 mg/i. The 
canal flows into the Makhtaaral Region are controlled at a cross regulator near the 
Uzbekistan / Kazakhstan border. The canal was constructed in the 1950s and 1960s, 
and supplies irrigation water to a total command area of 205,600 hectares, 125,881 
hectares of which is in Kazakhstan. Most of the WRMLIP project area lies on the 
Dostyk canal left bank (Mott MacDonald, 1999). 
Generally, water supplies to the VTRMLIP project area over the last ten years have 
been significantly lower than required, and insufficient to maintain a sustainable crop 
yield. The amounts of water delivered to the Makhtaaral Region between 1994 and 
1997 decreased by about 50% (Table 1.2). Crops in many areas prior to the 




Table 1.2: 	Net irrigation deliveries to the Makhtaaral Region in the 
vegetation period in recent years 
Year 	 Irrigated Area 	Water Delivery 	Water Depth 
(ha) 	 (Million in') (in) 
1993 43,545 168.5 0.39 
1994 43,545 193.6 0.45 
1995 43,468 159.0 0.37 
1996 44,170 145.0 0.33 
1997 43,642 87.4 0.20 
1998 43,545 95.2 0.22 
Source: Mott MacDonald (1999) 
1.4.2 Drainage System 
Drainage plays an important role in controlling watertable depth and helps avoid 
waterlogging and soil salinity problems. The topographic and hydrological 
conditions of South Kazakhstan require a good drainage system for sustainable crop 
production. Determination of the amount of drainage to be provided is important 
because it has a significant effect on the cost of crop production. The original 
drainage system installed in the 1950s consisted of horizontal or gravity-driven 
drains. It proved ineffective and failed to solve the problems of waterlogging and 
salinity because of inferior drainage tubing; poor management and drainage rates 
exceeding the design capacity of the system (ADB, 1997). 
In the late 1970s, 800 Vertical Drainage Wells (VDW) and pumps were constructed 
to replace the original system. Drainage water is discharged to the Central Golodnaya 
Steppe Collector Drain, which transports water to the Arnasai depression in 
Uzbekistan, where it evaporates. This drainage system was used effectively until 
early 1990s. With the break-up of the former Soviet Union, privatisation, poor 
management and lack of funds, the physical conditions of the system deteriorated 
and by 1994 VDWs and pumps were no longer operational. As a result the 
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watertable rose, and water logging and salinity became evident and resulted in 
reduced crop yield in many areas (Mott MacDonald, 1999). 
1.4.3 Recent Irrigation Practices 
Since the early 1990s water has been supplied mainly in winter (between January and 
March) from Farhadskaya Hydropower station, and used to apply leaching water to 
reduce soil salinity. Generally, the irrigation applications have been low since the 
early 1990s. Irrigation scheduling has been inappropriate, resulting in water stress 
during sensitive growth stages (flowering and yield formation), and water supplies 
from the Dostyk Canal have not been sufficient to meet crop water requirements. As 
a result, sub-irrigation from the shallow watertable by capillary flux has met a 
considerable part of the water requirements, but also increased the salinity level in 
the rootzone. Much of the leaching applications are thus subsequently used in sub-
irrigation. 
1.5 	The Need for Mathematical Modelling 
Key factors affecting sustainable crop production in arid and semi-arid regions are 
water availability over the different growth stages, soil salinity and waterlogging. 
What is required in managing water and soil salinity is a means of assessing how 
different irrigation and drainage practices affect potential crop yield, and long term 
sustainability. Advances in computer technology in recent decades have permitted 
improvements in mathematical modelling of crop, soil and climate systems. Vadose 
zone models can provide useful information about the impact of different irrigation 
and drainage practices. Many models have been developed and used to simulate 
water and solute flux in the crop rootzone (Vanclooster, et al., 1994; Fernandez et 
al., 2002; Simunek, et al., 1996; Simunek, et al., 1999; Droogers et al., 2000; Wang 
et al., 2001; Zhang and Dawes, 1998; Van Dam et al., 1997; Van Dam, 2000; Smets 
et al., 1997; Joshi et al., 1995). 
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Figure 1.2: The WRMLIP Project location (ADB, 1997) 
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These models can deal with the interaction between the soil and crop and water 
management variables such as irrigation, leaching and drainage. They can be used to 
determine the most beneficial combinations between water management variables 
leading to sustainable crop production. Vadose zone models are increasingly being 
used to evaluate alternative management practices and subsequently to identify the 
most efficient management strategies for different sets of conditions (Quemer et al., 
1997; Droogers and Kite, 2001; Droogers and Torabi, 2002; Kite and Droogers, 
2000a; Qureshi et al., 2002). 
Most models are driven by a fundamental input of reference crop potential 
evapotranspiration. Actual crop evapotranspiration is generally controlled by 
available soil moisture. Crop yield in many models (Simunek et at., 1996; Droogers 
ci at., 2000; Perez et at., 2002; Qureshi et at., 2002) is computed using one of a 
number of crop yield response functions (Stewart et al., 1976; Jensen, 1968; Minhas 
ci at., 1974; Rao ci al., 1988; Doorenbos and Kassarn, 1979; Martin et at., 1984; de 
Wit, 1958). These can be used as a tool for evaluating the effect of alternative 
irrigation scheduling strategies, especially when water is a limited resource. These 
functions depend mainly on the calculation of crop evapotranspiration. Accordingly, 
estimation of crop yield requires precise functions as well as accurate procedures that 
consider most factors affecting crop transpiration such as water stress, salinity stress 
and waterlogging. Some of the mathematical models developed (Vanclooster et al., 
1996; Wang ci at., 2001; Joshi et al., 1995;) use methods that predict crop 
transpiration assuming that the crop is only under the affect of soil water stress and 
do not consider reduction in transpiration and yield caused by other factors such as 
the affect of soil salinity stress. This limits applicability of these models under and 
and semi-arid conditions where water shortage and salinity are the major problems. 
The combined effect of water and salinity stress should be considered when 
computing yield response. 
Crop yield should be the primary criteria for evaluating alterative irrigation practices. 
However, many of the existing vadose zone water and solute transport models do not 
include yield response functions. For example, the WAVE model (Vanclooster, et 
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al., 1994) does not include a crop yield response function; although it calculates the 
time course of the leaf area index, the accumulation of the dry matter in the different 
plant parts, the root length and root density extension rate. In addition, some models 
use yield response functions that are unable to evaluate the cumulative affect of 
water stress during the different growth stages (Droogers et at., 2000; Zhang and 
Dawes, 1998). 
Developing mathematical models for predicting crop transpiration and yield under 
non-standard conditions during the different growth stages, taking into account the 
effect of both soil water and salinity stress in model calculations is an important 
research area. Such models can be used to systematically evaluate alternative 
irrigation management strategies where water shortage and salinity problems exist, 
and to identify strategies that maximise sustainable crop yield under water shortage 
and salinity conditions. 
1.6 	Motivation for Work 
Water stress and salinity are at present significant threats to sustainable irrigated 
agriculture in many parts of the world. With continued rapid population growth, and 
increasing dependence on irrigated agriculture to maintain food security, it is 
essential that improved approaches to irrigation and drainage management be found. 
The problems recently experienced in South Kazakhstan serve to highlight the issues. 
Cotton yields were reduced by about 40% due to water and salinity stress over period 
of about 10 years following deterioration of irrigation and drainage management 
systems. This in turn resulted in considerable decrease in net incomes from crop 
production (ADB, 1997; Mott MacDonald, 1999). Sustainable irrigation and 
drainage management to maintain and improve crop production is one of the most 
significant needs in areas under the effects of water stress and salinity. For this 
reason, there is an urgent need to research robust and more efficient modelling 




11 Thesis Objectives 
The main objective of this research was to develop improved models for evaluating 
the impact of water and salinity stress on crop yield, that will lead to better 
understanding of the key factors affecting sustainability in irrigated agriculture in 
arid and semi-arid areas. Specific objectives were as follows: 
to evaluate existing crop yield response to water functions, and to select and 
adapt the most suitable function for incorporation in a more comprehensive 
crop production model; 
to review Vadose zone modelling techniques and their application in water 
and salinity management for sustainable crop production; 
to develop for a modelling approach to investigate long-term salinity build up 
in the root zone and its effects on crop yield; 
to calibrate a vadose zone model and assess the sensitivity of salinity build up 
and crop yield, to physical soil characteristics and to different irrigation and 
drainage management practices:- irrigation water application, leaching 
amounts and drainage rates; 
to apply the developed modelling approach to the Makhtaaral region of South 
Kazakhstan to evaluate current irrigation and drainage practices and to 
identify efficient and sustainable irrigation and drainage strategies; 
18 Thesis Contributions 
A generic methodology has been developed for modelling irrigation water 
management under water shortage and salinity conditions. The developed approach 
leads to a computational procedure that is able to deal with the combined effects of 
water and salinity stress on crop transpiration and on crop yield. 
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The developed approach is applicable under and and semi-arid conditions in a wide 
range of water stress and salinity situation. It permits development of a better 
understanding of the complex interactions between leaching and irrigation water 
applications, watertable position, rootzone salinity and crop yields. The model 
developed permits investigation of the contribution of the watertable in meeting crop 
water requirements by capillary rise as well as the impact of shallow water tables on 
the salinity build up in the rootzone. 
The research contributes to the development of more efficient and economic 
irrigation water management strategies for Makhtaaral region of South Kazakhstan 
that maximise crop production per unit of water applied. Optimal irrigation and 
drainage scenarios have been identified, and the sensitivity of these to model 
parameterisation explored. These scenarios would achieve sustainable management 
for crop production through providing sufficient water to meet crop water 
requirements, while keeping soil salinity in the rootzone under control in the long-
term. The scientific solution has been translated into a format that is easily 
understood and applicable by irrigators to achieve sustainable water resources 
management. 
1.9 	Thesis Organisation 
This thesis is organised in 8 chapters and three appendices: 
Chapter 2 of the thesis provides a review of the basic concepts of evapotranspiration 
estimation procedures, the most important crop-water relationships, and the effect of 
water and salinity stress on crop growth and yield. 
Chapter 3 describes the assessment of existing yield response models and selection 
of the most appropriate for incorporating in a crop production model. 
Chapter 4 provides a comprehensive technical review of existing variably 
unsaturated flow models. It includes model theories, and limitations, as well as 
reviews their applications by other researchers. 
14 
[NTRODUCTION 
Chapter 5 presents the underlying theory behind the WAVE model, which was 
adopted and developed for this research. It discusses the model limitations and the 
modifications that have been made to improve the model performance in predicting 
the effects of water stress and salinity on crop transpiration and yield. 
Chapter 6 describes the modified WAVE model (WAVEMS) set-up and 
pararneterisation. The model calibration process and results are also described. It also 
provides an evaluation of the calibration results and an assessment of the model 
performance and of its potential in establishing efficient water and drainage 
management strategies. 
Chapter 7 describes the application of the developed modelling approach to the 
Makhtaaral Region of South Kazakhstan. The effect of different irrigation and 
drainage scenarios on crop yield have been simulated and evaluated. 
Chapter 8 provides the conclusions of the research. The chapter presents the 
achievement of the research and outlines the limitations of the work carried out. 
Recommendations for further research in the application of the developed modelling 






Water shortage and salinity are major problems in and and semi-arid areas, 
impacting on the sustainability of agricultural production. Most salinity problems 
result from inappropriate management practice, such as using low quality irrigation 
water, inadequate leaching, and poor drainage. These can lead to salt accumulation in 
the rootzone. This thesis describes the development and application of a 
mathematical modelling approach for irrigation and drainage management under 
water shortage and salinity conditions. Optimum irrigation, leaching and drainage 
management practice is the key to avoiding soil water and salinity stress and to 
establishing sustainable crop production. 
Evapotranspiration is one of the most important hydrological processes and crop 
yield response is linked closely to it. Yield response functions are not, however, well 
defined, particularly in relation to stages of growth. The effects of salinity on crop 
yield are also important, as is the combined affect of water and salinity stress. This 
chapter discusses the most important crop yield to water relationships and presents a 
review of models describing the effects of water stress and salinity on transpiration 
and crop yield response. 
Following this introduction, section 2.2 describes the evapotranspiration process, and 
outlines different computational procedures used under both standard and non-
standard conditions. A review of existing crop water production functions and water 
use efficiency and irrigation scheduling are presented in section 2.3. Crop yield 






Evapotranspiration is a collective term combining: 
transpiration through which water is removed from the soil by plant roots; a small 
part of the removed water is used in the growing processes to build plant tissue and 
the greater part is converted to vapour • within the plant leaf and released to the 
atmosphere through stomata; 
evaporation through which water is converted to vapour and removed to the 
atmosphere; the evaporating surface could be a soil surface, water surface, or leaf 
surface (Israelsen and Hansen, 1962). 
In both the transpiration and evaporation processes, energy is required to convert 
water to vapour. Water vapour is removed from the evaporating surface or from the 
plant leaves due to the difference between the vapour pressure at the evaporating 
surface or inside the plant leaves and the atmosphere. Solar radiation, air 
temperature, air humidity and wind speed affect the efficiency of the 
evapotranspiration processes. Crop type, variety, growth stage, and shading 
percentage, are crop factors effecting evapotranspiration. Soil salinity, soil moisture, 
soil fertility, soil type, the absence or presence of diseases, soil ability to conduct 
water to the root zone, and cultivation practices are management and environmental 
factors affecting actual evapotranspiration (Allen et al., 1998). 
2.22 Reference Crop Evapotranspiration 
Reference crop evapotranspiration (ET0 ) is generally the basis of determining crop 
water requirements. Doorenbos and Pruitt (1977) defined reference crop 
evapotranspiration as "the rate of evapotranspiration from an extensive surface of 8 
to 15 cm tall green cover of uniform height, actively growing, completely shading the 
ground and not short of water". Different techniques have been developed to 
calculate ET,, with different climatic data availability. 
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According to Kite and Droogers (2000b) the most common methods used for the 
estimation of ET, can be divided into three groups: 
direct calculation of ET,, from climatic data using empirical equations; 
use of hydrological models; 
use of methods based on remote sensing techniques. 
For most irrigation planning and management problems, ET., is a primary data input, 
and it is computed from climatic data. 
There are several empirical equations that are used for estimating E1, from climatic 
data. The FAQ Irrigation and Drainage Paper No. 24 (Doorenbos and Pruitt, 1977) 
presents four procedures for computing ET, depending on the availability of the 
climatic data. These methods are; Penman, Radiation, Blaney-Criddle, and pan 
evaporation. The FAQ expert consultation held in May 1990 in Rome (Smith et al., 
1992), considered the Penman-Monteith equation to provide the best standard 
method for calculating ET,. The FAO Penman-Monteith equation for ET, 
calculation (Smith et al., 1992) is now the method most widely used by scientists and 
engineers worldwide (Chiew et al., 1995). The Penman-Monteith equation requires 
daily measurements of maximum and minimum air temperature, maximum and 
minimum relative humidity, total wind run, and actual sunshine hours. It is improved 
if solar radiation data are available. Smith et al., (1992) found that the Penman-
Monteith equation gave EI ) values more closely related to lysimeter values than 
other methods. Following these results, Smith et al., (1992), recommended that the 
Pemnan equation presented in the FAQ Irrigation and Drainage Paper No. 24 be 
replaced by the FAQ Penman-Monteith equation. This defines ET0 as "the rate of 
evapotranspiration from a hypothetical crop with an assumed crop height (12 cm) 
and a fixed canopy resistance (70 s/rn) and albedo (0.23) which would closely 
resemble evapotranspiration from an extensive surface of 8 to 15 cm tall, green 
cover of uniforin height, actively growing, completely shading the ground and not 
short of water". The FAQ-24 report (Doorenbos and Pruitt, 1977) has now been 
updated by the FAQ-56 report (Allen et al., 1998) in which two methods have been 
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described for calculating E1, - FAO Penman-Monteith, and FAO pan evaporation. 
Chiew et al., (1995) found that there was a satisfactory correlation between class-A 
pan evaporation and the Penman-Monteith equation. The Penman-Monteith equation 
has been applied successfully in many regions and under many conditions (Kashyap 
and Panda, 2001). 
Under conditions where sufficient climatic data are not available for the Penman-
Monteith method, alternative methods are available. The Hargreaves equation for 
example needs only maximum and minimum air temperature as inputs (Hargreaves 
et al., 1985). However, this equation may require local calibration for acceptable 
performance. Gavilan et al., (2006) calibrated the Hargreaves equation against 
Penman-Monteith FAO-56 (Allen et al., 1998) for the Andalusian region of south 
Spain. They suggested that, the original coefficient (0.0023) be replaced by 0.0021 
when the difference between maximum and minimum temperature for the day 
AT>12°C and the average wind velocity V <1.5 m s ' and by 0.0027 when 
AT<12°C and V<1.5ms'. 
2.2.3 Evapotranspiration under Non-standard Conditions 
For accurate evapotranspiration estimation, the effect of non-standard management 
and environmental conditions must be taken into consideration. Allen et al., (1998) 
defined evapotranspiration under non-standard conditions as "the evapotranspiration 
from a crop grown under the effect of management and environmental conditions 
which are non-optimal". They identified the following non-standard conditions:- soil 
salinity, water stress, waterlogging, soil type, soil fertility, the presence and absence 
of diseases, soil ability to conduct water to the root zone, and cultivation practices 
and management. Soil water stress and salinity are the factors most affecting 
transpiration. As a crop comes under stress, the transpiration rate decreases and falls 
below the potential transpiration rate. Evapotranspiration under non-standard 
conditions is usually estimated from reference crop evapotranspiration (ET,), using 
a crop coefficient (K(,)  and a crop stress factor (K 5 ). K 5 accounts for the effect of 
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non-standard conditions. The adjustment equations presented by Allen et al., (1998) 
are: 
EJi ,Iqi(Ks.  .K(. /, + -K, )K7, 	 (2-1) 
where, ET (ldj 	 adjusted crop evapotranspiration 
K. 	crop stress factor 
KC/) 	basal crop coefficient 
K 	 soil evaporation coefficient 
If a single crop coefficient is being used, then the equation is simply: 
EI acjj  =(KK)Ei, 
	 (2-2) 
George et at., (2000) presented a very similar equation to estimate crop 
evapotranspiration under soil water stress conditions: 
- E (/)  [KC(J)KS(I)  + K (0.9 - KC(fl )j 	 (2-3) 
where, K W 	is a dimensionless ET reduction coefficient which has values 
of 0.8, 0.5, and 0.3 respectively, for the first, second, and third 
day following a rainfall or irrigation event and accounts for 
excessive evaporation from the bare soil surface at the 
beginning of the cropping season, 
is the time index (normally in days) 
j 	 is a spatial index. 
2.2.4 Soil Water and Salinity Stress 
Allen et at., (1998) presented the following function for estimating K  under soil 
water stress (when rootzone soil moisture depletion exceeds readily available 
water D, >RAW): 
K 	
TAW—D, = TA WDr 




where, K S 	is the transpiration reduction factor (0-1), 
is the rootzone soil moisture depletion (mm), 
TA W 	is the total available water (mm), 
RAW 	is the readily available water in the rootzone (mm), which is 
the fraction of TA W that a crop can extract from the root zone 
without suffering water stress (RAW = pTA W), 
P 	 is the fraction of total available soil moisture that can be 
depleted from the root zone before soil moisture stress. 
George et al., (2000) presented two methods used to estimate K, one based on a 
linear function and the other on a logarithmic function. The linear function was 




log[' +1 oo(i 
- ((FC(J) - °(i,j) )/(8FC(,) - 9PWPU 	
- 
) )))j (2-5) S(i.i) 
- 	 log[101]  
What is missing from the logarithmic function is the concept of readily available 
moisture or a threshold below which stress begins. 
Martin et al., (1984) used a very similar approach to those outlined above to estimate 
the soil water stress coefficient: 
K S =1; 	ifEW >0.5 	 (2-6a) 
K - 	 if 	0.0 ~ E ~ 0.5 	 (2 - 6b) 
- 0.5' 
where, EW 	is the fl-action of extractable water remaining in the crop rootzone that 
(oji - Opwp( ) 	 (2-7) can be written as 	
-oPWP/ 
where, O(J) 	is the soil moisture content on day I (m 3 I n13 ), 
is the soil moisture content at field capacity (m 3 / m 3 ), 
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8PWP(/) 	 is the soil moisture content at pemianent wilting point 
(m 3 /m3 ). 
The above approaches to determining soil water stress are based on soil water 
balance approaches, and use the concepts of field capacity, permanent wilting point 
and readily available moisture. 
The following equation can be used to calculate K under salinity stress (Allen et 
al., 1998): 
K S =I- 	
b 
(EC, - ECe(I,,.CSI,OI(I ) 	 (2-8) 
K 100 
where, EC 	 is the mean electrical conductivity of the saturation extract for 
the root zone (dS m) 
ECet II,eshol(I 	is the electrical conductivity of the saturation extract when 
yield starts to become affected by salinity 
is a yield response factor 
b 	 is the reduction in yield per increase in EC, (% /(dS m)) 
For conditions when the crop is under both soil salinity stress (ECC, > ECCIII ,CcI,OII ) and 
soil water stress Dr  > RA W, Allen et al., (1998) recommended the following 
equation: 
KS = 	b (EC, - ECetlireshold 	
TA W - Dr 	 (2-9) 
K, 100 	 (l — p)TAWJ 
2.2.5 Approaches for Use with Variably Saturated Flow 
Modelling 
The approaches outlined above are suitable for use with standard water balance 
approaches to soil moisture modelling. With more sophisticated soil moisture 
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modelling, using solutions of the Richards equation, it is possible to adopt 
transpiration reduction functions that are based on soil moisture tension or pressure 
head and the osmotic head of the soil water solution. 
Homaee et at., (2002a) described a transpiration reduction function proposed by 





where, a(h) 	is a dimensionless transpiration reduction function of the soil 
water pressure head (o :!~ a < i), 
It 	 is soil water pressure head, 
h1 	 is soil water pressure head at the threshold of moisture stress, 
h4 	 is soil water pressure head at wilting. 
A recent review of transpiration reduction functions was provided by Homaee et at., 
(2002b). They present a number of transpiration reduction functions that take into 
account the combined effect of water stress and salinity. They present additive 
functions (van Genuchten, 1987), multiplicative functions (van Genuchten, 1987; 
Dirksen et at., 1993; Van Dam et at., 1997; Homaee, 1999) and the conceptual 
combined method (Homaee, 1999). The additive function of van Genuchten (1987) is 
written as: 
(2-11) 
1 + [(a1 li + a, h,  )/h50 1" 
where, a(h, h0 ) 	is a dimensionless reduction factor reflects the combined 
effect of water stress and salinity on crop transpiration, 
h 	 is soil water pressure head, 
h<, is the soil solution osmotic head, 
h50 	is the value of soil water pressure head at which crop 
transpiration is reduced by 50%, 
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c11 and a, 	are weighting factors of h and h0 respectively, 
P 	 is an empirical parameter. 
The multiplicative reduction function proposed by Genuchten (1987) is written as: 
a(h,h0)= 	
1 	 1 
1+{h/h50 ]" l+[h 'h ]P2 	
(2-12) 
o 	o,50 
where, p 1 and p., are empirical parameters. 
Dirksen et al., (1993) proposed the following reduction function: 
a(h,h0 )z x 	 (2-13) 
i + [(h* - h)I(h* - h50 
)] 
1 + [(h; - h0  )/(h: - hC,s() 
)}P2 
where, h and h 	respectively are the soil water pressure head threshold and the 
osmotic pressure threshold values for stress. 
Van Darn et al., (1997) suggested the following function: 
a(h, ho ) = h—h4 x[1_h* _h0)1 
h3 —h4 [ 360 
(2-14) 
Homaee (1999) proposed the following combined water stress and salinity function: 
1 
1+ ((i - a )i a01 )[(h* - h)I(h - hiiiax  )Y' 
x 
1 + ((i - a02  )i a02 )[(h(*)1  - h0 )/(h - h onlax 	
(2-15) 
where, 	 is the water pressure head at which the reduction factor 
reaches its minimum value, 
h011, 	 is the osmotic pressure head at which the reduction factor 
reaches its minimum value, 
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is the value of a corresponding to h 111 , 
a07 	is the value of a corresponding to 
Also Homaee (1999) presents the following function, which is a combination of the 
reduction function of Feddes et al., (1978) with that of Maas and Hoffman (1977): 
a(h,h0)— h—(h
4 —i) Xrl_(h _h0 )] 	 (2-16) 
h1 —(h4 —h0 ) [ 360 
The above functions require a great deal of parameterisation, and this does restrict 
their applicability. 
2.3 	Yield-water relationships 
2.3.1 Water use efficiency 
Water use efficiency is a useful indicator of crop productivity under limited water 
supply. Many variations have been noted in the literature in the definition of water 
use efficiency (WUE). Saranga et al., (1999) defined WUE in agronomic terms as 
"the ratio between total dry matter produced (or yield harvested) and the water 
used" and in physiological terms as "the ratio between the rate of carbon fixed and 
the rate of water transpired". WUE can be defined as follows: 
(2-17) 
ET 
where, .'UE 	is water use efficiency in kg/ha/mm, 
is the actual crop yield in Kg/ha, 
ET 	is the seasonal water use or actual evapotranspiration in mm. 
Irrigation water use efficiency (IWUE) is defined as "the ratio of the crop yield (ton 




In arid and semi-arid areas, where water is scarce and population growth is high, 
improving WUE is very important for crop production and for efficient use of 
limited water resources. WUE can be increased by: 
increasing yield without increasing the amount of water used; 
maintaining yield and decreasing the amount of applied water (Howell and Hiler, 
1975). This can be achieved by reducing the water application during specific stages 
of growth and minimising the loss of yield caused by water stress. The effect of 
water stress on yield is dependent on the stage of growth. There are many papers that 
address yield response issues. 
In experiments in Turkey, Cakir (2004) evaluated the response of maize growth to 
water deficit in the different growth stages. Results showed that, tasselling and cob 
formation are the most sensitive stages during which all yield parameters were 
significantly affected by water stress. Results also showed that, even a short-duration 
water deficit during the rapid vegetative period, caused 28-32% reductions in the 
final dry matter weight of corn. 
The most sensitive period to water stress for rice is during panicle development when 
water stress can severely reduce grain yield. However, water stress has only a small 
effect on grain yield when it occurs during the vegetative stage (Boonjung and Fukai, 
1996). Dingkuhn et al., (1996) reported that rice yield is highly sensitive to water 
deficit during reproductive development and grain filling. The most sensitive stage is 
flowering. 
Champolivier and Merrien (1996) investigated the effect of water stress on oilseed 
rape yield in France. Yield was reduced by about 48% due to water stress when only 
37% of the full water requirement was supplied to the plant from flowering to the 
end of seed set. Yield reduction was associated with the reduction in the number of 
seeds per plant. 
Mastrorilli et al., (1999) evaluated the sensitivity of the different growth stages of 
sweet sorghum to the same level of water stress. The least sensitive stage to water 
26 
LITERATURE REVIEW 
stress is the fast growing period. However, the authors found that irrigation should be 
applied in full in the early stages. An irrigation strategy based on the sensitivity of 
growth stages was established. 
Zhang and Oweis (1999) reported that wheat yield response to water stress is more 
sensitive in the stem-elongation to grain-filling stage than in other stages. They 
suggested that the scarce water should be applied at these growth stages. 
Mogensen et al., (1985) found that drought sensitivity of wheat was greatest during 
tillering-shooting when the grain yield of only normal tillers was considered. 
Including the grain yield of both normal and late tillers, drought sensitivity was 
greatest during booting-heading stages. 
Fabeiro et al., (200 1) found that for potatoes, the tuber bulking and ripening growing 
stages are the most sensitive to water stress. The absence of water stress in the 
ripening stage makes it possible to obtain a high percentage of medium and large 
tubers. They found that with total water application ranging between 520-570 mm 
(79%, 85-100%, 84-102%, and 80-100% of ETc in establishment, vegetative 
growth, tuber hulking, and ripening stages respectively), a production rate of 40 
ton/ ha could be achieved when the tuber ripening stage is not affected by water 
stress. 
Ayars et al., (1999) reported significant yield and water-use efficiency increases in 
all crops when grown under subsurface drip irrigation in California. The use of high 
frequency irrigation resulted in reduced deep percolation. The increase in WUE was 
due to increased yield without increased water application. 
It is clear that water stress affects crop yield and growth differently in different 
stages of growth, and that this sensitivity varies with crop type. To avoid reduction in 
crop yield caused by water stress, it is important to know which stage of crop growth 
is most sensitive to water stress and to apply irrigation water accordingly. It is also 
important to know the stages in which smaller amounts of water can be applied 
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without any risk of yield reduction or with minimum yield reduction. There is no 
evidence in literature about the effect of the length of a stress period on crop yield. 
2.3.2 Crop water production functions 
The relationship between crop production and evapotranspiration is called the "crop 
water production function" and in effect it defines crop yield response to different 
levels of water applied. A crop water production function can be used to evaluate 
water use efficiency and to assist in effective allocation of water resources. Many 
crop water production functions have been developed and used to quantify crop yield 
response to water. 
Jensen (1968) proposed a multiplicative function to determine the cumulative effect 
of water shortage in different stages of crop growth. The function used is of the form: 
Al 




where, Y 	 is the actual crop yield, 
(2-18) 
is the maximum or potential crop yield, 
ETa 	is the actual crop transpiration, 
El',,, 	is the potential crop transpiration, 
i 	 is stage of growth, 
Ai 	is the crop sensitivity factor for growth stage i. 
2 is an indicator for the effect of water stress on crop yield. The greater the value 
of 2 the greater the effect of water shortage. A limitation of the Jensen function is in 
determining appropriate values of 2,.. 
Ai  can be determined graphically (Tsakiris, 1982). For any particular growth stage: 
A 





and in logarithmic space: 
log 11 = 2 log E1 
	
(2-20) 
The problem with this method is in determining relative yield in different growing 
stages. Actual yield is not known until harvest. Tsakiris (1982) used relative yield 
values at different growth stages under different evapotranspiration deficits presented 
in the FAQ Irrigation and Drainage Paper No. 33 (Doorenbos and Kassam, 1979) to 
permit calculation of values of 2,. 2 was thus conditioned entirely on the 
Doorenbos and Kassam (1979) data, the origins of which are unclear. 
Doorenbos and Kassam (1979) suggested that the following function be used to 
determine the crop yield response to water through various stages of crop growth: 
--' =K[1 _ ET L"1 
	
(2-21) 
where, K is the yield response factor depending upon the crop and the 
stage of crop growth. However, no guidance is given by Doorenbos and Kassam on 
how to apply the yield response function when water shortage occurs cumulatively 
during different stages of crop growth (Wardlaw and Barnes, 1996; Rao et al., 1988). 
Values for K, are published by Doorenbos and Kassam for many crop types to 
determine the yield reduction over the whole growing season and for individual 
growth stages. Al-Jamal et al., (2000) determined K values from field experiment. 
He determined a K value of 1.52 for onion, which is similar to that 1.5, obtained by 
Doorenbos and Kassam, (1979) for onion stressed only at the yield formation period. 
Rao et al., (1988) used the same procedure as Tsakiris to calculated 2 for each 
value of K 3 listed by Doorenbos and Kassam (1979). Values of 2 corresponding to 
different values of K are presented in Table 2.1. 
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Table 2.1: Values of 2 corresponding to different values of K. 
K, 0.20 0.25 0.30 0.40 0.45 0.50 0.55 0.60 0.75 0.80 1.00 1.50 
2. 0.15 0.19 0.24 0.32 0.37 0.42 0.47 0.52 0.68 0.74 1.00 1.95 
Source: Rao etal., (1988) 
Zhang and Oweis (1999) used the Jensen function to investigate the effect of water 
deficit during certain growth stages on wheat yield in Tel Hadya in northern Syria. 
Non-linear regression procedures were used to find 2. They found that crop yield 
increased linearly by 160 Kg.ha for bread wheat and 116 Kg.ha' for durum 
wheat per 10 mm increase in evapotranspiration above a threshold of 200 mm. The 
sensitivity index Al  values for wheat at the different growing stages are presented in 
Table 2.2. 
Table 2.2: Sensitivity index (2) of bread wheat and durum wheat to 
water stress at different growing stages at Tel Hadya in Syria 
Crop 	Seedling Stem 	 Booting - Anthesis- Soft dough- 
	
elongation-booting anthesis 	soft dough maturity 
Bread wheat 	0.01 	0.31 	 0.28 	0.21 	0.10 
Dururn wheat 	0.15 	 0.31 	 0.17 	0.26 	0.07 
Source: Zhang and Oweis, (1999) 
Minhas et al., (1974) proposed the following multiplicative type function: 




where, b, is the sensitivity factor for growth stage i. b1 can also be derived using 
relative yield values at different growth stages under different evapotranspiration 
deficits presented in Doorenbos and Kassam (1979). 
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Stewart et at., (1976) proposed the following additive function: 
,, 	( 
=1—K%, 1— 	 (2-23) 
Y", 	(=1 	 Er,, J 
This function uses the same K, as published in the FAO Irrigation and drainage 
Paper No. 33 by Doorenbos and Kassam, (1979). Wardlaw and Barnes (1996) 
questioned the applicability of the function, demonstrating that the Stewart function 
indicated almost total yield loss with 20% and 15% reduction in the actual 
evapotranspiration of rice and dry foot crops respectively. 
Martin et al., (1984) suggested the following function for grain sorghum, wheat and 




where, b 	 is an empirical seasonal yield coefficient. 
Values for be  are summarized by Martin et at., (1984) for grain sorghum, soybean 
and hard red winter wheat only. Lamsal et at., (1999) derived an experimental value 
of h. for wheat: 
Y/Y =1-1.07+1.07(EI lET,,) 	 (2-25) 
A further multiplicative function was proposed by Rao et at., (1988): 
rlKlL 1 	 (2-26) 
ET,, )j 
The function is similar to that proposed by Minhas et at., (1974), but is intended to 
be used with the crop yield response factors published by Doorenbos and Kassam. In 
assessment of crop yield response functions, Wardlaw and Barnes (1996) suggested 
that Rao function was at that time the best approach to crop yield response 
modelling. Results from the Jensen function (Jensen, 1968) were similar but 
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pararneterisation of the sensitivity factor is not as well defined as for the Rao 
function. 
Rao et at., (1988) compared the relative yield of cotton, groundnut, maize, sorghum, 
sunflower, and wheat predicted by different crop water production functions (Jensen 
1968; Stewart et al., 1976; and Rao et at., 1988) against field data. They concluded 
that, although all three functions predicted identical values of relative yield at lower 
levels of soil moisture stress, the Stewart function gives very low relative yield 
values (sometimes negative) when using higher values of K, even when the relative 
evapotranspiration deficit at any stage of growth does not exceed 50%. 
Rao et at. (1988) also compared the crop yield predicted by different crop production 
functions with field data collected by several researchers (Hall and Butcher, 1968; 
Jensen, 1968; Hiler and Clark 1971; Hanks 1974; Minhas et at., 1974; Blank, 1975; 
Stewart et at., 1976; Sudar et at., 1981). They reported that the parameters for many 
functions need to be determined locally. Their conclusion was that functions are 
valid under the conditions where they were developed. 
2.3.3 Irrigation scheduling 
Under water shortage conditions, efficient, reliable, and economical use of limited 
water resources is important. In modern agriculture, this can be achieved through 
irrigation scheduling, taking into account soil, crop, and climate factors and their 
interactions. Information on soil moisture status, crop evapotranspiration, and rainfall 
are required to improve irrigation scheduling strategies, make efficient use of the 
limited water resources, and to increase returns (Botes et at., 1996). 
In general, irrigation scheduling is defined as "determining when to irrigate and how 
much water to apply" or as "deciding when to start and when to stop an irrigation" 
(Martin et at., 1992). If water is limited, irrigation should be scheduled to maximise 
crop production per unit of water applied. In areas where land is more expensive than 
water, irrigation should be scheduled to maximise crop production per unit of planted 
area (FAQ, 1973). 
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According to Hill (1991), irrigation scheduling methods are based on three 
approaches:- crop monitoring, soil monitoring, and water balance teclmiques. For the 
method based on crop monitoring, leaf water potential and canopy temperature are 
used to decide when to irrigate. The disadvantage of this method is that the irrigation 
decision is made after the plant has suffered stress, and this may affect the crop yield. 
Soil moisture monitoring can be effectively used for irrigation scheduling purposes. 
The disadvantage of this method is that it is time consuming and can be expensive. 
Water balance techniques use soil water budgeting over the root zone. This can be 
done by hand calculations or by using computer models. 
Many models have been developed and become widely accepted and used by 
irrigators. CROPWAT is a computer programme initially developed by Smith, 
(1992). This model uses the Penman-Monteith equation to calculate the crop water 
requirements from climatic data. It can be used for scheduling irrigation under 
different management conditions. The CROPWAT 7 package (Clarke et at., 2000) is 
accompanied by a comprehensive climatic database. 
George et at., (2000) developed a model called ISM (Irrigation Scheduling Model) to 
schedule irrigation under various management options. The model consists of soil 
water balance and crop yield sub-models. It uses climatological, crop, and soil data 
as inputs, and uses the crop water production function suggested by Martin et at., 
(1984) to predict crop yield. The ISM model was tested by George et at., (2000) 
against field data and CROPWAT. They found that ISM and CROPWAT gave 
similar values of soil moisture, although they showed some variation after the second 
irrigation. The ISM was verified with experimental data for a bean crop. Simulated 
bean yield was slightly higher than observed yield. They considered that use of the 
ISM can improve irrigation water use efficiency. 
Raghuwanshi and Wallender, (1998) developed a seasonal furrow irrigation model. 
The model includes soil moisture, irrigation hydraulics and economic optimisation 
components. A water balance equation is used to determined daily soil moisture 
depletion in an irrigated field. The model uses a systematic simulation technique to 
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optimise furrow irrigation schedules and designs that minimise irrigation cost 
(maximise net return to water) by optimising inflow rate and cut-off time 
(minimising irrigation losses). 
OPTIMEC is a computer model developed by Montesinos et al., (2001). It includes 
four components:- a soil moisture model, an irrigation hydraulics model, a crop 
model, and an economic optimisation module. The model uses the multiplicative 
production function proposed by Rao et al. (1988). In the soil moisture model, daily 
levels of soil moisture are computed using a water balance equation. The economic 
optimisation module uses a genetic algorithm (GA) to find the optimum combination 
between the irrigation date, time of cut-off and inflow rate that maximises net profit. 
The model can be applied to any furrow irrigated field crop under different 
climatological and soil conditions. For a set of climatological, soil, furrow geometry, 
and crop data for sloping and blocked end furrows, OPTIMEC determines the 
optimum cropping calendar and irrigation schedule based on economic profit 
maximisation. 
EPIC (Erosion Productivity Impact Calculator) is a crop simulation model used to 
optimise irrigation schedules for sunflower in Southern Italy. It uses 66 scenarios of 
irrigation times, seasonal irrigation amount and irrigation frequency. The model can 
be a useful tool for evaluating different irrigation management strategies (Rinaldi, 
2001). 
Ragab et al., (2005) developed the SALTMED model for simulating water and solute 
transport, evapotranspiration and crop water uptake. The model can be used to 
examine the effect of in-igation water application, soil type, water quality on soil 
moisture and salinity distribution, leaching requirements and crop yield. The model 
can be used to manage irrigation, crop and soil in an effective way in order to save 
water and protect the environment. 
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2.3.4 Effect of irrigation scheduling on yield and water use 
efficiency 
Appropriate irrigation scheduling means applying adequate amounts of irrigation 
water to a plant at the right times to avoid physiological water stress at critical 
growth stages. 
Kang et al., (2001) found that evapotranspiration, water-use efficiency (WUE), and 
harvest index (HI) for wheat depended on the controlled ranges of soil water 
content. Grain yield response to irrigation varied considerably with differences in 
soil moisture contents and irrigation scheduling. ET was largest with high soil water 
content, but this did not produce the highest yield and WUE was relatively low. 
High values of grain yield, WUE, and HI were produced under conditions of mild 
water deficit at the seedling and start of re-growth to stem-elongation stages, and 
with a further soil water depletion at the maturity to harvest stage. They suggest that 
periods of mild soil water depletion in the early vegetative growth period together 
with severe soil water depletion in the maturity stage is optimal for a limited 
irrigation regime. 
Yazar et al., (2001) evaluated the yield response of cotton to different irrigation 
applications using low-energy precision application (LEPA) and trickle-irrigation in 
Southern Anatolia in Turkey. The effects of four different levels of irrigation (100, 
75, 50, and 25% of cumulative Class-A pan evaporation on a 6-day basis) were 
investigated for LEPA. Two irrigation intervals (3-day and 6-day) and three 
different levels of irrigation (100, 67, and 33% of cumulative Class-A pan 
evaporation) were investigated for the trickle system. It was found that highest 
average seed cotton yield of 5850 Kg/ha was obtained from the full-irrigation 
treatments (814 mm / season) in trickle-irrigated plots with 6-day intervals. 
However there was no significant difference between 100% and 67% irrigation levels 
under trickle irrigation. The highest yield in LEPA plots was obtained with the full 
irrigation treatments (814 mm/season) and was 4750 Kg/ha. Maximum IWUE 
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and WUE were found as 0.813 Kg /M3  and 0.714 Kg /M3  in trickle-irrigation with 
67% irrigation on a 6-day interval. 
Cetin and Bilget (2002) also investigated cotton irrigation in Southern Anatolia in 
Turkey. They found cotton yields (lint + seed) under furrow irrigation of 3630 
kg/ha. WUE was 3.87 Kg/ha/mm. Increasing the amount of water applied 
resulted in a higher yields up to applications of 1400 mm, but thereafter yield 
declined again. 
Al-Jamal et al., (2001) compared water-use efficiency for sprinkler, furrow, and 
subsurface drip irrigation methods for an onion crop in Southern New Mexico. They 
found that IWUE using sprinkler irrigation was higher than that with subsurface drip 
and furrow irrigation methods. WUE cannot be improved by letting onions suffer 
from water stress. 
The effect of irrigation scheduling on crop yield and net benefit in the Loma de 
Quinto Irrigation District in Spain was evaluated by Dechrni et cii. (2003) using the 
CROPWAT model. Simulation results identified water stress caused by deficit 
irrigation and/or large irrigation intervals. Water stress resulted in alfalfa yield 
reductions of 10-17%. The optimum irrigation scheduling that avoided yield 
reduction involved applying light and frequent irrigation. 
Sezen and Yazar (2006) studied the effect of limited irrigation on wheat yield and 
water use efficiency in the and Southeast Anatolia region of Turkey. Results show 
that severe soil water deficit significantly reduced crop transpiration, grain yield, 
water use efficiency and harvest index. The highest average grain yield of 8340 
Kg / ha was obtained under full irrigation water application. The highest average 
WUE ranged between 12.6 to 14.9 Kg / ha / mm. However, under water shortage, less 
than full irrigation can produce acceptable yields and high water use efficiency. 
Improving water productivity can contribute to water savings. 
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Sezen et al., (2006) examined the effect of different irrigation regimes on the yield 
and water use of bell pepper in the Mediterranean region of Turkey. The highest 
yields of 33,140 Kg/ha in the 2002 growing season and 3 5,3 00 Kg/ha in the 2003 
growing season were obtained with irrigation applied using 3-6 days irrigation 
intervals. Water use efficiency WUE ranged from 4.7 to 7.6Kg/rn 3 in the 2002 
growing season and ranged from 6.4 Kg/rn3 to 7.9 Kg/n,3 in the 2003 growing 
season. Irrigation interval significantly influenced peppers yield and WUE in both 
years. 
With a limited water resource, an effective irrigation scheduling strategy that ensures 
applying the right amount of water at the right time is important to overcome 
problems of soil water stress, soil salinity and irrigation water loss by evaporation 
and deep percolation. Developing such a strategy is complicated because it depends 
on soil, crop and climatic factors and their interaction. Yield and water use efficiency 
can be the best indicators for strategy evaluation. Although, crop water production 
functions have been extensively used to quantify yield response to water supply, the 
impact of accumulated stress on potential evapotranspiration may not be adequately 
described. 
2.4 	Salinity affect 
2.4.1 Introduction 
Soil salinity is a major problem in the development of irrigated agriculture in many 
and and semi-arid regions of the world. About 50% of the irrigated area of the world 
is affected by salinity or has the potential to be affected in the future (Tyagi, 1986). 
In these regions of low precipitation and high potential evapotranspiration, salts can 
accumulate in the root zone if there is inadequate drainage, inadequate leaching, or a 
combination of these. Salt accumulation in the root zone is often caused by irrigation 
with poor quality water or by the upward movement of saline water from a shallow 
water table. Salts concentrate in the root zone as a result of the evapotranspiration 




The most important factors affecting salinisation are soil physical and chemical 
properties, water management practices, topography, quality of the irrigation water, 
depth to water table, shallow ground water quality, gypseous status of soils and 
climatic conditions (Lamsal et al., 1999). 
Salinity is a major cause of low crop yields and poor crop quality. Optimal crop 
yields can be obtained if the salinity of the soil solution does not exceed a certain 
threshold, which varies with crop type and variety. An increase in salinity above this 
threshold results in a decrease in yield. Table 2.4 shows salt tolerance level for 
various fruit crops (Ayers and Westcot, 1985). Where salinity is a problem, 
irrigation should meet both the crop water requirements and leaching requirements. 
Leaching means applying more water than the crop requires to leach out accumulated 
salts in the root zone. Leaching has been defined as "the minima/fraction of the total 
water applied that must pass through the root zone to prevent reductions in crop 
yield below the acceptance level" (Minhas, 1996). Leaching applications may be 
restricted by water shortage or by inadequate drainage. 
2.4.2 The effect of salinity on crop transpiration and yield. 
Soluble salts affect crop transpiration and yield in different ways: 
particular ions may be toxic to the crop; 
the presence of salts makes it more difficult for plant root systems to 
remove moisture from the soil; salts have an affinity for water, and with 
salts present a plant must expend greater energy to extract water; 
high levels of sodium and chloride cause nutrient deficiencies, especially 
calcium deficiency, which reduce plant growth; 
the presence of salts reduces transpiration by reducing ground cover and 
sometimes due to partial stomatal closure (Allen et al., 1998). 
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Table 2.3: 	Classification of waters 
Type of water BC (dS/m) TDS (gil) Water class 
Drinking and irrigation water <0.7 <0.5 None saline 
Irrigation water 0.7-2.0 0.5-1.5 Slightly saline 
Primary drainage water and 
groundwater 2.0-10.0 1.5-7.0 Moderately Saline 
Secondary drainage water and 
groundwater 10.0-20.5 7.0-15.0 Highly saline 
Very saline groundwater 20.0-45.0 15.0-35.0 Very highly saline 
Sea water >45.0 >35.0 Brine 
Source: Rhoades etal., (1992) 
Table 2.4: Salt tolerance level for fruit crops 
Crop 100% Yield 90% Yield 75% yield 50% Yield Max 
ECU, EC EC, EC,, EC EC, EC, EC, ECU, 
Almond 1.5 1.0 2.0 1.4 2.8 1.9 4.1 2.7 7.0 
Apple, Pear 1.7 1.0 2.3 1.6 3.3 2.2 4.8 3.2 8.0 
Apricot 1.6 1.1 2.0 1.3 2.6 1.8 3.7 2.5 6.0 
Avocado 1.3 0.9 1.8 1.2 2.5 1.7 3.7 2.4 6.0 
Date palm 4.0 2.7 6.8 4.5 10.9 7.3 17.9 12.0 32.0 
Fig, Olive 2.7 1.8 3.8 2.6 5.5 3.7 8.4 5.6 14.0 
Grape 1.5 1.0 2.5 1.7 4.1 2.7 6.7 4.5 12.0 
Grapefruit 1.8 1.2 2.4 1.6 3.4 2.2 4.9 3.3 8.0 
Lemon 1.7 1.1 2.3 1.6 3.3 2.2 4.8 3.2 8.0 
Orange 1.7 1.1 2.3 1.6 3.2 2.2 4.8 3.2 8.0 
Peach 1.7 1.1 2.2 1.4 2.9 1.9 4.1 2.7 7.0 
Strawberry 1.0 0.7 1.3 0.9 1.8 1.2 2.7 1.7 4.0 
Source: Ayers and Westcot, (1985) 
EC, 	- 	electrical conductivity of a saturated soil extract (dS m 1 ) 
EC 	- 	electrical conductivity of the irrigation water (dS in-') 
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FAQ Irrigation and Drainage Paper No. 56 (Allen et al., 1998) describes an approach 
for predicting crop yield as a function of soil salinity that is the same as that given in 
the FAQ Irrigation and Drainage Paper No. 29 (Ayers and Westcot, 1985). Under 
standard conditions, crop yield remains at potential levels until a specific threshold 
electrical conductivity (EC,) of the saturated soil extract is reached. Crop yield 
linearly decreases as the EC value increases above the threshold soil electrical 
conductivity. The relationship between crop yield and salinity can be written as: 
Y. =1— [EC - EC (// ,d 	 (2-27) 
y fl 	 100 
	
where, Ya 	is the actual crop yield, 
Y, 	is the potential crop yield when EC,, <ECe  threshold, 
EC 	is the mean electrical conductivity of the saturation extract for the root 
zone (dS.ni), 
ECeti,resiioii is the electrical ECe at which crop yield first reduces below Ym 
Ps. ,nl), 
b 	is the reduction in yield per increase in EC (% / dS.m) 
Values for EC, threshold  and b are presented in FAO Irrigation and Drainage Paper No. 
56 (Allen et at., 1998) for many crops. 
In an experiment to quantify the effect of salinity levels on tomato transpiration, 
yield and water use efficiency in Ankara, Turkey. Yurtseven et at., (2005) reported 
that, crop transpiration, crop yield and water use efficiency significantly decreased 
with increasing salinity level in the soil rootzone. The decrease in these parameters 
started at 2.5 dS in. The average decrease in yield caused by an increase in 
salinity from 2.5 dS in-' to 5.0 dS rn 1 was about 37%. As the salinity increased 
to 10.0 dS in a further reduction in yield of about 60% resulted. 
Atis (2004) estimated the economic impact of soil salinity and waterlogging on 
cotton yield in the Gediz Delta in Turkey where salinity and waterlogging are the 
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major cause for cotton yield reduction. Cotton yields were reduced by 34.4% and 
gross margin are reduced by $860! ha as a result of soil salinity and waterlogging. 
In field experiments in the Jordan Valley, Abu-Awwad (2001) found that increasing 
irrigation water salinity by 3.7 times increased the salt concentration in the root zone 
by about 3.8-4.1 times and subsequently reduced fruit yield from lemon trees. 
Lamsal et al., (1999) studied the effect of soil salinity on evapotranspiration as well 
as on crop yield. It was found that as the soil salinity level increases, soil water 
availability decreases. Actual wheat transpiration and yields were significantly lower 
than their calculated potential values in saline soils, but very similar in the case of 
non-saline soils. According to these results, relationships between salt concentration 
and yield were established: 
Y ! )', = 1.009 - 0.02EC, 	 (2 -28) 
Cuartero and Fernandez-Munoz (1999) reported that tomatoes began to lose yield 
when irrigated with saline water of EC above 2 - 3 dS in_ I . 50% yield reduction 
occurred with moderately saline water of 9 dS m-' . This reduction was mainly due 
to reduction in average fruit weight. 
Vulkan-Levy et al., (1998) studied the effect of irrigation quantity and its salinity on 
cotton yield in the northwest of the Negev. The irrigation water salinity ranged from 
2 to 7.5 dS m 1 and the seasonal water application ranged from 300 to 680 mm. 
They found that the maximum cotton yield (about 5000 Kg / ha) could be obtained 
with a water application of 500 mm (42% of class-A pan evaporation) and water 
salinity between 4 to 5 dS m fl'. Irrigation water salinity caused a reduction in the 
cotton yield and the salinity threshold increased with increasing water application. 




Y =_2324.9+2491_2.112 for irrigation water salinity of (2.0 c/S m) 	(2-29) 
Y = 468.7 + 61.21 	for irrigation water salinity of (7.5 c/S m) 	(2-30) 
where, V 	 is cotton yield (kg ha'), 
I 	 is irrigation water depth (cm). 
A lysimeter experiment was conducted by Hutmacher et al. (1996) to determine the 
influence of shallow groundwater salinity on cotton water uptake in California. They 
reported that ground water contributed about 30 to 42% of seasonal total 
evapotranspiration with groundwater salinity :!~ 20 (IS m but that this declined to 
12-19% of total evapotranspiration at higher salinity levels. 
Zhang et al., (1999) also used a lysimeter to investigate capillary flux from a shallow 
water table and associated processes such as salt accumulation, plant water use, and 
growth response of lucerne. The results showed declines of 36% in transpiration, 
42% in leaf area growth, and 67% in upward flux after salinity of the water table was 
increased from 0.1 to 16 (IS m 1 . These results were compared against those 
obtained through a simulation using the WAVES model (Zhang and Dawes, 1998). 
The model is discussed in details in Chapter 4. 
In an experiment to quantify crop growth, yield and water use of safflower under 
different combinations of soil and irrigation water salinity in California, Bassil and 
Kaffka (2002) found that increasing root zone salinity decreased root growth, water 
use, safflower biomass and daily and seasonal evapotranspiration. Reduced water use 
increased drainage in salt-affected root zones for the same irrigation amount. 
Safflower seed yield was not significantly influenced by soil or irrigation salinity. 
They suggested that saline water can be used to irrigate safflower without yield loss 
if the soil water salinity (EC,) was less than 8 dS m 




the Maas-Hoffman model (Maas and Hoffman, 1977; Ayers and Westcot, 
1985; Allen et al., 1998): 
Yr=100 — S(EC —T) 
	
(2-31) 
the van Genuchten model (van Genuchten, 1983): 
Yr=100/[1+(ECe  /ECe5o )j 
	
(2-32) 
where: Yr 	 relative yield; 
T 	 the salinity threshold expressed in dS in; 
S 	 the slope of the relative yield salinity relationship 
(%/dS m'); 
EC 	relates to the 0-60 cm soil layer; 
EC,50 	is the EC, value at which Yr is 50%; 
P 	 is an empirical constant. 
They found that, using the Maas-Hoffman model, the threshold value was 1.7 
(IS ,n and yield was reduced at the rate of 15% per dS in, the salinity level at 
50% yield reduction EC 0  was 5 dS m, compared to 4.7 dS m found with the 
van Genuchten model. 
De Pascale and Barbieri (1997) studied the effect of soil salinity on growth and yield 
of broadbean in Naples, Italy. They found that with an EC,between 2 dS m and 6 
dS in 1 , plant height was reduced by 60%, leaf area by 70%, dry matter by 45%, 
mean pod weight by 15% and the number of pods per plant by 48%. Higher salinity 
decreased the seed yield by 67% (reduction in weight and number of seeds). The 
following relationships between broadbean yield and soil salinity were established 
using Maas-Hoffiian and van Genuchten models: 
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Maas-Hoffman model 	Y = 100-15.075(EC!  —1.727) 	 (2-33) 
Van Genuchten model 	V = 100 /[1 + (EC, /4704)301] 	 (2-34) 
Katerji et al., (2001) studied the sensitivity of lentil to different levels of irrigation 
water salinity. The results showed that salinity affected the gennination and survival 
of the seedling, the pre-dawn leaf water potential and maximum osmotic adjustment, 
the development of leaf area, dry matter and number of flowers, and finally, the 
yield. At an EC of 2 dS m , the limit between non-saline and slightly saline soils, 
the yield reduction was about 20% and at an EC of 3 dS m' it was 90-100%. 
According to these results the crop is highly salt sensitive and can be only grown on 
non-saline soils. 
Katerji et al., (2000) compared the tolerance of eight crops to salinity using a 
lysimeter experiment. Salinity significantly affected yield, evapotranspiration, pre-
dawn leaf water potential and stomatal conductance. From these results the crops 
were classified according to their salt tolerance: sugarbeet and durum wheat as salt 
tolerant; broadbean, maize, potato, sunflower, and tomato as moderately salt 
sensitive. There are differences between these results and what published in the FAO 
Irrigation and Drainage paper No. 56. They attribute these differences to plant 
variety and weather. 
Sharrna and Rao (1998) reported the results of field experiments conducted for 7 
years in which wheat was irrigated using drainage water of different salinity levels 
(EC,,, 6, 9, 12, and 18.8 dS m) during the dry winter season in India. They found 
that the yield reduction at different EC was 4.2% at 6 dS in', 9.7% at 9 dS in, 
16.3% at 12 dS in', and 22.2% at 18.8 dS ,n 1 . The following relationship 
between wheat yield and irrigation water salinity was obtained: 
Relative grain yield 	R 1 =100-1.82(EC% , —4.0) 	 (2-35) 
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This relationship indicates that high salinity water up to 9 dS in can still provide 
90% wheat yield in soils provided with subsurface drainage system. 
Hussain et at., (1997) found in Saudi Arabia that irrigation water with an EC of 
13.40 dS m' and above reduced barely germination and green matter production 
significantly. They concluded that a reasonable barley production in terms of green 
matter and dry matter could be obtained with irrigation water with an EC up to 9.26 
dS in ' provided 15% excess water was applied as a leaching requirement. It was 
found that any further increase in irrigation water salinity could reduce the yield by 
up to 50% or more. 
2.4.3 Irrigation water management for salinity control 
Irrigation and drainage are key controls on rootzone salinity and its effect on 
agricultural production in arid and semi-arid areas. Khosla and Gupta (1997) 
evaluated the response of wheat to different depths of irrigation, and to drainage 
conditions using a lysimeter. The results showed that the growth and yield of wheat 
irrigated with saline water was affected to a greater extent in the undrained lysimeter 
than the drained lysimeter due to the rise in water table depth during the irrigation 
cycle. A higher grain yield was obtained with an increased depth of irrigation under 
drained conditions. In the undrained lysimeter the yield tended to be higher with 
smaller depths of water applied more frequently. They reported that improved 
drainage is necessary for reasonable crop production under shallow saline water table 
conditions. 
Mathew et at., (2001) evaluated the effect of drainage in improving soil quality and 
crop production. The results showed that many of the critical growth parameters, 
particularly the grain yield of rice (100 grain weight), were significantly higher in the 
well-drained areas than in the ill-drained areas because the salinity of the root zone 
could be controlled considerably by the subsurface drainage. 
Asch and Wopereis (2001) studied the response of rice at different growing stages to 
floodwater salinity in order to derive guidelines for surface water drainage at critical 
ELI 
LITERATURE REVIEW 
growth stages in the Senegal River Delta. It was found that floodwater with an EC 
of 8 dS m-1 reduced germination by 50% and yield by 80%. Salinity strongly 
reduced spikelet numbers per panicle, and 100 grain weight. The strongest salinity 
effects on yield were observed around panicle initiation, whereas plants recovered 
best from salinity stress at seedling stage. Floodwater of < 2 dS m-' hardly affected 
rice yield. Floodwater of> 2 dS m' around the panicle initiation stage reduced the 
yield by up to 1 t/ha per 2 dS m'. They concluded that drainage is necessary if 
floodwater EC > 2 dS in at critical growth stages. 
In the Jezer'el Valley, Israel, a high water table caused by intensive irrigation and 
poor drainage led to the development of salinity problem. Benyarnini et at., (2005) 
found that, for successful control of salinity in the Valley, the water table must be at 
least 1.0 m below the soil surface. The combination of subsurface drainage and 
relief wells is the most efficient way to control water table. 
Application of poor quality irrigation water and the upward flux of saline water from 
the shallow groundwater are causes of salinity build up in the root zone. The inability 
to leach these accumulated salts is the main reason for low crop transpiration and 
subsequent yield reduction. Irrigation, leaching, and drainage are the most important 
factors in controlling salinity in the root zone. A model of water and solute flow in 
conjunction with a crop yield response model is required to assess the impact of 
these variables on crop yield. 
2.5 Conclusions 
In this chapter evapotranspiration concepts, and the effect of water stress and salinity 
on crop growth and yield were reviewed. Many models have been developed to 
quantify the effect of non-standard conditions such as water and salinity stress. Some 
of these approaches calculate actual crop evapotranspiration and take into account 
only the effect of soil water stress and do not consider the reduction in crop 
transpiration caused by salinity stress. Other models consider the combined effect of 
both soil water and salinity stress on evapotranspiration. In these models complete 
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recovery of the crop and the ability to continue transpiring at the potential rate is 
assumed after a stress event. 
Crops have different sensitivities to water stress in different growth stages. Two 
types of crop water production function (additive and multiplicative) have been 
extensively used in research on crop water response to different amount of water 
supply. These functions are usually valid only under the conditions where they were 
developed. These functions need to be evaluated using experimental data to assess 
the relative sensitivity of each in application with the same water and salinity stress 
in order to select the most suitable function to be adopted for yield response 
modelling. 
Irrigation, leaching and drainage are the key parameters affecting reliable and 
economic irrigation water management. Research on how crop yield responds to 
different irrigation, leaching and drainage practices at different growth stages is 
required in order to establish more productive irrigation water management strategies 
that maximise crop yield taking into account the effect of water and salinity stress. 
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CHAPTER 3 
Evaluation of Crop Yield Response 
Functions 
3.1 Introduction 
Crop water production functions describe crop yield response to water availability. 
Many crop water production functions have been developed (Jensen, 1968; Minhas 
et at., 1974; Stewart et at., 1976; Doorenbos and Kassam, 1979; Martin et at., 1984; 
and Rao et at., 1988; de Wit, 1958). A number of functions were introduced in 
section 2.3.2. Many crop water production functions have the same basic form, in 
which crop yield is linearly related to cumulative actual evapotranspiration for the 
crop. Table 3.1 presents some well-known crop water production functions. 
The existing functions are of two types: additive (Stewart et at., 1976) and 
multiplicative (Jensen, 1968; Minhas et at., 1974; Rao ci' at., 1988). The Stewart and 
Rao functions are quite similar and divide the growing season into a number of 
stages with different yield response factors (K). These two functions use the yield 
response factors published in the FAO Irrigation and Drainage Paper No. 33 
(Doorenbos and Kassarn, 1979), which depend upon the crop type and its stage of 
growth. The main difference between these functions is that the Stewart function is 
additive whereas the Rao function is multiplicative. The Jensen and Minhas 
functions use a crop sensitivity factor (2) for each stage of growth. 2 is used as an 
indicator for the effect of water stress on crop yield. The higher the value of 2 the 
CT reater the effect of water stress. The Doorenbos and Kassam, and Martin functions 
have exactly the same form in which K3, and b represent the slope of the linear 
relationship between relative evapotranspiration and relative yield. These functions 
cannot be used to evaluate the cumulative affect of water stress during the different 
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growth stages. They can only be used to quantify the crop response to water at the 
end of a particular stage, or for the whole growing season. 
Crop water production functions can be used for evaluating alternative irrigation 
scheduling strategies especially when water is a limited resource. The effect of water 
stress on crop yield and growth is dependent on the stage of growth during which the 
stress occurs. As a result, many irrigation scheduling strategies apply adequate 
amounts of water during the sensitive periods of crop growth to avoid high yield 
reduction. In these strategies, water applications can be reduced during the less 
sensitive stages with lower yield reduction. 
Although yield response functions have been extensively used to quantify the yield-
water relationship, there are still issues, particularly in relation to stages of growth. 
There is still a gap in knowledge in terms of the cumulative impact of water stress on 
crop yield in the different growth periods. Also, some of these functions are valid 
only for the conditions under which they were developed and parameters of the 
functions are location specific. As a result, some of these functions cannot be applied 
for irrigation water management in locations with different conditions from those 
where they were developed. 
This chapter provides an evaluation of a number of crop water production functions 
to assess their relative sensitivity in application with the same water stress. The 
accuracy of the functions in calculating crop yield under different levels of 
evapotralLpiration deficit is also examined. 
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Table 3.1: Some well-known crop water production function 
Water production function 	Author 	 Type 	Limitations 
Y 	" 
















Jensen (1968) 	Multiplicative 	sensitivity factor 2 
for each growth period 
Also due to difficulties 
in determining the 
Minhas et al (1974) Multiplicative 	sensitivity factor for 
each growth period 
Can give very high 
ET0 ' 	 yield reductions 
= 	y1 - K 1 	 Stewa et al (1976) Additive 	(Wardlaw and Barnes, 
in 
1996) 
It cannot be used to 
evaluate the 
ET ' Doorenbos and cumulative affect of - K 	1 
7) - - Kassam (1979) - 	water stress during 
different stages of crop 
growth 
Difficulties in 
determining the factor 
(ET 
ET ' y h,. Also it cannot be 
Mathetal(1984) 
applied to evaluate the 
- 	cumulative affect of 
water stress during the 
different stages of 
growth 
ET Y -  i - K11 F1I - Rao et al (1988) Multiplicative 
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3.2 	Assessment of crop yield response functions 
An evaluation has been made of the crop water production listed in Table 3.1. In this 
evaluation, sorghum and cotton yields were calculated under different levels of water 
deficit. The Doorenbos and Kassam function (Doorenbos and Kassam, 1979) was 
used in the calculation of the sensitivity factor (2) for the Jensen function for the 
individual growth stages, following the procedure described by Tsakiris (1982) as 
presented in Chapter 2. 
The Stewart and Rao functions can be used with the crop yield response factors K), 
published by Doorenbos and Kassam (1979). Since the Doorenbos and Kassam and 
Martin functions are exactly the same, the Martin function is considered no further. 
For the Jensen and Minhas functions the coefficients were derived from the 
Doorenbos and Kassam (1979) data also. 
The Doorenbos and Kassam function has been used by irrigators, economists and 
policy makers to assess their plans and scenarios for investment in the agricultural 
sector. However, the FAQ expert meeting on crop water productivity, held in 
February 2003 in Rome, considered it important that the function be revised to be 
able to quantify the crop yield response under very limited water supply. The 
parameters and procedures described in the FAO Irrigation and Drainage Paper No. 
33 (Doorenbos and Kassam, 1979) require updating and refinements in order to 
reflect the increase in productivity of the major crops over the last 25 years (FAQ, 
2003). 
The problem with using the Doorenbos and Kassam function is that it cannot be used 
to quantify the effect of water stress on crop yield cumulatively. No guidance is 
given by Doorenbos and Kassam on how to apply the yield response function when 
water shortage occurs cumulatively during different stages of crop growth. As 
mentioned earlier in Chapter 2, this function can only be used to predict reduction in 
crop yield at the end of each stage of growth separately as well as at the end of the 
growing season based on the crop reduction factors published in Doorenbos and 
1 
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Kassam, (1979). However, Smith (1992) in the CROPWAT program has used 
Doorenbos and Kassam function in a cumulative way where each yield reduction for 
a given stage is carried over to the next stage according to: 
(i - 	/ i,, ) i  =1— (y / i ) * (y y" )2 *( / Y ) 	 (3-1) 
where, 1,2... i 	is stage of growth. 
Smith (1992) has basically used the same procedure as the Rao function. Adopting 
this procedure for the Doorenbos and Kassam function, an evaluation has been made 
of the functions listed in Table 3.1. With the exception of the Stewart function, all 
other functions produce exactly the same results. The Stewart function, which is the 
only additive function in this comparison, gives generally lower relative yields than 
other functions in the range of evapotranspiration deficits considered. Figures 3.1 
and 3.2 show that the different functions behave in the same way on sorghum and 
cotton. The results presented are for the entire growing season, but are calculated on 
the basis of the same evapotranspiration deficit occurring in each growth stage. 
Figures 3.3 and 3.4 show the impact of using the Doorenbos and Kassam seasonal 
coefficients, rather than stage of growth coefficients. Higher relative yield is 
predicted than when the stage of growth coefficients are used. This is a shortcoming 
of the function, and the effect of water stress should be taken into account 
cumulatively over the different growth stages. 
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Figure 3.1: Comparison of yield response functions for sorghum 
Seasonal yield reduction for cotton at different levels of 
evapotranspiration deficit 
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Figure 3.2: Comparison of yield response functions for cotton 
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Figure 3.3: Comparison of yield response functions for sorghum using 
Doorenbos and Kassam seasonal coefficient. 
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Figure 3.4: Comparison of yield response functions for cotton using 
Doorenbos and Kassam seasonal coefficient. 
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Figures 3.5 and 3.7 show the relative yields for sorghum and cotton at each stage of 
crop growth with each of the functions, as well as the seasonal relative yield under 
50% evapotranpiration deficit. 50% evapotranspiration deficit is the lower limit at 
which K was determined by the Doorenbos and Kassam. Since the coefficients for 
each function were derived from the linear relationships between relative yield and 
relative evapotranspiration published by Doorenbos and Kassam (1979), the stage by 
stage results are the same using all functions except Stewart function which gives a 
lower stage by stage relative yield as well as a lower seasonal relative yield than the 
Rao, Jensen and Minhas functions in flowering, yield formation and ripening 
growing stages. The Doorenbos and Kassam function gave exactly the same stage by 
stage relative yield as other functions as the effect of water stress on crop yield was 
applied cumulatively. However, when applied with seasonal coefficients, the 
Doorenbos and Kassam function gives a higher seasonal relative yield than the other 
functions. However, under 10% evapotranspiration deficit, all functions, gave 
approximately similar values of relative yield for the individual growth stages 
(Figures 3.6 and 3.8). 
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Figure 3.5: Sorghum yield reduction in different stages of crop growth 
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Figure 3.6: Sorghum yield reduction in different stages of crop growth 

















Figure 3.7: Cotton yield reduction at different stages of crop growth 
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Figure 3.8: Cotton yield reduction at different stages of crop growth 
For both sorghum and cotton, the flowering and yield formation stages are the most 
sensitive to water stress. Since vegetative and ripening growth stages are considered 
as the least sensitive to water stress for both crops, the amount of water to be applied 
can be reduced in these stages with minimum yield reduction. 
A further evaluation was carried out in which seasonal relative wheat yields obtained 
using the functions (with published yield coefficients) were compared with 
experimental seasonal yield data from New Zealand (Jamieson et al., 1998). The 
published yield coefficients for Doorenbos and Kassam, Stewart and Rao functions 
were taken directly from FAO Irrigation and Drainage Paper No. 33. However, crop 
yield sensitivity factor for the Jensen function at different growing stages were taken 
from Zhang and Oweis (1999) for the area of Tel Hadya in Syria. Another crop 
sensitivity factor for the Jensen function was used in which A for the individual 
growth stages was derived from Doorenbos and Kassam function according the 
procedure described by Tsakiris (1982). 
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Figure 3.9 shows variations between measured relative yield and relative yield 
obtained using the various functions. A decrease in yield with increasing 
evapotranspiration deficit was calculated with all functions. All functions gave 
approximately similar values of relative seasonal yield, which was lower than that 
observed under all levels of evapotranspiration deficit considered. However, the 
variations between measured relative yield and relative yield obtained using the 
functions were not significant. The Stewart function gave lower crop yields than 
those obtained using other functions, especially at high evapotranspiration deficit. In 
addition, the Jensen function when used with crop sensitivity factors taken from 
Zhang and Oweis (1999) gave a higher value of relative seasonal yield than other 
functions, that was closer to the observed under all evapotranspiration levels 
considered. 
Table 32: Published seasonal yield coefficients for wheat. 
Coefficient Stage 1 Stage 2 Stage 3 Stage 4 	Source 
K 0.2 0.6 0.5 - 	Doorenbos and Kassam (1979) 
2 0.16 0.57 0.47 0.16 	Derived from Doorenbos and 
Kassam (1979) 
2 0.15 0.31 0.17 0.26 	Zhang and Oweis (1999) 
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Observed and predicted relative yield for wheat 
(using published yield coefficient) 
to I 
0.9 - 	- - 	-- Doorenbos and 
0.8 - ______________________ - 	- - Kassem 
0 Stewart 
I 
0.2 - 0 Observed 
0.0 _ __ 
0.28 0.43 	0.47 	0.62 	0.77 	0.78 
ETa/ETm 
Jensen (1): Crop sensitivity factors were derived using Doorenbos and Kassam function 
Jensen (2): Crop sensitivity factors were taken from Zhang and Oweis (1999) 
Figure 3.9 Observed and predicted wheat yields under different water 
stress levels 
The above results indicate that the yield response functions produce reasonable 
results with published yield response factors. The results are conservative. 
However, local experimental data are required in order to establish more reliable 
crop yield coefficients. 
3.3 Conclusions 
This chapter provides an evaluation of a number of crop yield response functions. 
The relative sensitivity of each function in application with the same water stress has 
been assessed. As the coefficients for each function were derived from the linear 
relationships between relative yield and relative evapotranspiration published by 
Doorenbos and Kassam (1979), the stage-by-stage results are approximately the 
same using all functions. When using published crop yield coefficients, all functions 
gave approximately the same results. 
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In a comparison with experimental data, all functions gave reasonable predictions of 
yield under a range of water stress levels when using published seasonal yield 
coefficients. It is apparent that all functions would be suitable for yield response 
modelling. Yield response coefficients are influenced by local conditions, and a 
wider data set of coefficients than is currently available is desirable. 
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CHAPTER 4 
Variably Saturated Flow Models 
4.1 	Introduction 
Understanding water flow and solute transport in the vadose zone is essential to 
establish efficient irrigation and drainage practices for sustainable crop production. 
Computer models based on numerical solution of the equations describing water and 
solute transport in the vadose zone can be used to assist in assessing the impact of 
water and salinity stress on crops, and to establish sustainable irrigation and drainage 
practices. 
Many models that simulate water and solute flux in the soil-crop system have been 
developed (Vanclooster et al., 1994; Simunek etal., 1996; Simunek et al., 1999; Van 
Dam et al., 1997; Zhang and Dawes, 1998; Wang et al., 2001; Ragab, 2002). These 
models deal with physical and chemical processes describing water and solute 
transport within the soil, plant and climate system and the interactions between these 
system components. Most models are one-dimensional, and different models have 
their own advantages and disadvantages. Effective use of these models requires 
accurate input parameters such as soil water retention and unsaturated hydraulic 
conductivit \ data (Simunek et al., 1998). The Richard's equation for water flow and 
the advection-dispersion equation for solute transport are generally at the core of the 
models. An extensive review of the vadose zone models was carried out recently by 
MDH Engineering Solutions Corp. (2003). They evaluated 43 codes for their ability 
to predict water flow and solute transport in the soil and groundwater systems. All of 
the chosen codes were available in the public domain. Of the 43 models evaluated, 
only 5 (VS2DI, SEVIEW, HYDRUS, UNSATCHEM and CHEMOFLO) were 
considered to be highly ranked codes. These have excellent documentation, good 
user interfaces, and provide numerous examples for validation and tutorial purposes. 
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This chapter provides a review of the most important theoretical concepts of some 
existing variably unsaturated flow models. 
4.2 Models Overview 
As a part of this research, a review was carried out of six codes for water and solute 
transport in the vadose zone. These codes, all of which have been quite widely used, 
are: 
WAVE (Vanclooster et at., 1994); 
UNSATCHEM (Simunek et al., 1996); 
WAVES (Zhang and Dawes, 1998; Wang et at., 2001; Kang et al., 2003); 
SWAP (Van Dam et al., 1997; Van Dam, 2000); 
HYDRUS-21) (Simunek et al., 1999); 
SALTMED (Ragab, 2002). 
The WAVE model (Water and Agrochemicals in soil and Vadose Environment, 
Vanclooster et al., 1994) is a one-dimensional mathematical model developed by 
researchers of the Institute for Land and Water Management at the Katholieke 
University of Leuven in Belgium. WAVE is a deterministic numerical model that 
simulates the transport and transformations of water, heat and solute in the soil, crop 
and vadose environment. The model consists of five modules; a water transport 
module, a solute transport module, a heat transport module, a crop growth module, 
and a nitrogen fate module. The model is an integration of earlier models such as 
SWATRER (water module) (Feddes et at., 1978; Belmans et al., 1983; Dierckx et 
at., 1986), SOILN (nitrogen module) (Bergstrom et al., 1991), LEACHN (heat and 
solute module) (Wagenet and Hutson, 1989) and SUCROS (crop growth model) (van 
Keulen et al., 1982; Spitters et al., 1988). A finite-difference technique is used to 
solve the differential equations describing the water and solute transport processes. 
The WAVE model is written in FORTRAN 77 and can be run on either UNIX or 
MS-DOS platforms. 
The TJNSATCHEM model was developed by the U.S. Salinity Laboratory of the 
U.S. Department of Agriculture. It simulates water flow, multi-component solute 
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transport, heat transport and carbon dioxide transport, in the vadose zone. It is one of 
the few models simulating multi-component solute transport with major ion 
equilibrium and kinetic chemistry in variably saturated flow. The model can be used 
to evaluate the performance of various management practices as it considers water 
flow, chemical processes and transport, plant water uptake which is related to 
osmotic and matric stress, as well as the effect of chemistry on soil hydraulic 
properties (Simunek et al., 1996). 
The WAVES model (Zhang and Dawes, 1998; Wang et al., 2001; Kang et al., 2003) 
is a one-dimensional model that simulates the following processes on a daily time 
step: 
interception of rainfall and light by canopy; 
surface energy balance; 
carbon balance and plant growth; 
soil evaporation and plant transpiration; 
surface runoff and infiltration; 
soil water content with depth; 
drainage; 
solute transport; 
water table interactions. 
The model consists of four modules: energy, water, carbon (plant growth), and solute 
balances modules. 
The SWAP (Soil-Water-Atmosphere-Plant) model is a one-dimensional physically 
based model for vertical water, heat and solute transport in the saturated and 
unsaturated zones. SWAP has a long development history dating from work by the 
Water Resources Group of Wageningen University in the late 1970s (Feddes et al., 
1978). The current version of the model is attributable to Van Dam, (2000). SWAP 
version 3.0.3 is now available with a very thorough technical manual (Kroes and Van 
Dam, 2003). It is designed for integrated modelling of the soil-water-atmosphere-
plant system. It also includes modules for simulating irrigation, drainage practices 
and crop growth and yield. SWAP is also written in FORTRAN 77. The current 
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version of the model in available free of charge and source code access is also 
available. SWAP was not widely available at the start of this research project, 
however. 
The HYDRUS-2D models (Simunek et al., 1999) are deterministic, physically based, 
numerical models, that simulate one and two-dimensional unsaturated flow, heat 
movement and multiple solutes transport in soil. They were developed by the U.S. 
Salinity Laboratory of the U. S. Department of Agriculture. The models solve the 
Richard's equation for saturated-unsaturated water flow, convection-dispersion 
equations for heat and solute transport. HYDRUS-21) is very similar to the 
TINSATCHEM model but does not model crop yield. The input data for HYDRUS-
2D are similar to those required for UNSATCHEM model except that a carbon 
dioxide transport and crop production information file is not required for HYDRUS-
2D. 
The SALTMED model (Ragab, 2002) is a physically based model that offers sound 
numerical solutions for water and solute flow in one or two dimensions. It calculates 
evapotranspiration, soil evaporation, plant water uptake, leaching requirements, soil 
salinity profiles, soil moisture profiles and crop yield. The model can be applied with 
any irrigation system, as well as to rain fed agriculture. In the model, Richard's 
equation and the convection-dispersion equations describe the water and solute 
transport, respectively. The code of the model was written in C/C for Windows 95, 
98, 2000 and Windows XP operation systems. The model output is given as a text 
and graphical files. 
4.3 Process Description 
4.3.1 Variably saturated flow 
The six codes described above simulate transient flow by numerically solving the 
one-dimensional Richard's equation for a set of boundary conditions using a finite 
differences technique. The Richard's equation combines Darcy's law and the 
continuity equation. The Richards' equation is written as (Vanclooster et at. 1994): 
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(50 	(5 [ K 	 h (4-1) 
) 
where, & 	 is the volumetric moisture content (in 3 m 3 ); 
Z 	 is the vertical co-ordinate (m); 
K(0) 	is the hydraulic conductivity (cm daj[ 1 ); 
h 	 is the soil water pressure head (cm); 
S(z, h) 	is the water uptake by plant roots (day) 
In the WAVE model, the upper boundary condition is defined by a flux through the 
soil surface. The lower boundary condition can be defined in a number of ways: a 
groundwater level boundary condition, a pressure head boundary condition, a flux 
through the bottom of the model or free outflow at the bottom of the model 
(Vanclooster et al., 1994). The boundary conditions in the WAVE model are 
discussed in more detail in Chapter 5. 
The water flow model in the HYDRUS-2D and USATCHEM models can deal with 
constant or time-varied hydraulic head or flux boundaries controlled by atmospheric 
conditions. They can also deal with seepage face and free drainage boundary 
conditions (Simunek et al., 1996; Simunek et al., 1999). 
In the SWAP model, the upper boundary conditions of the system are determined by 
potential evapotranspiration, irrigation and precipitation. The bottom boundary 
condition is located in the unsaturated zone or in the upper part of the groundwater, 
and describes the interaction with groundwater. It is possible to have flux specified, 
pressure head specified and flux-groundwater level relationships (Van Dam, 2000). 
In the SALTMED model, the upper boundary conditions of the system are 
determined by potential evapotranspiration, irrigation and precipitation. However, 
the model deals only with a free drainage or an impermeable lower boundary 
condition (Ragab et al., 2003). It is not clear from the literature if the model is able 
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to deal with a water table, and the contribution that the water table can make to water 
and solute flow in the unsaturated zone through capillary action. 
In the unsaturated zone, soil moisture and soil moisture tension, or pressure head, are 
linked, and in order to apply the Richard's equation this relationship, known as the 
water retention curve, must be defined. A number of functions are available, such as 
van Genuchten (1980), Brooks and Corey (1964), modified van Genuchten type 
model or the Broadbridge and White (1988) function. These functions require several 
input parameters. The van Genuchten (1980) function can be written as follows 
(Vanclooster et at., 1994; Simunek et at., 1996; Van Dam, 2000, Ragab, 2002): 
0(h) =0, + 	
- ' 	
h <0 	 (4-2) 
(1 + (ah)' 
o(h)=o, 	 h~!0 	 (4-3) 
where, O 	 is the saturated volumetric soil water content (m 3 m 3 ) 
01. 	 is the residual volumetric soil water content (m 3 m 3 ) 
a 	 is the inverse of the air entry (_i) 
n, m 	are shape parameters 
It requires the saturated water content, residual water content, the inverse of the air 
entry a, and the shape parameters n and m. The WAVE, UNSATCHEM, SWAP 
and SALTMED models use the van Genuchten (1980) function. 
The Brooks and Corey (1964) model for water retention may be written as (Simunek 
etal., 1999): 
Se =ah" h<-1/a (4-4) 
S5 =1 h 	—1/a (4-5) 
where, S is the effective water content, 
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8—s. Se — 	 (4-6) 9  
HYDRUS-2D can describe unsaturated soil hydraulic properties using the van 
Genuchten (1980), or Brook and Corey (1964) functions. 
The model of Broadbridge and White (1988) is used in the WAVES model to 
describe the relationship between water potential, volumetric water content and 
hydraulic conductivity. This model requires five parameters: saturated hydraulic 
conductivity, volumetric moisture content at saturation, air-dry volumetric water 
content, the soil capillary length scale and a soil structure parameter (Wang et al., 
2001). 
Most variably unsaturated flow models have a number of optional functions to 
describe unsaturated hydraulic conductivity characteristics. These can be expressed 
in terms of pressure head or volumetric moisture content (Gardner, 1958; Gilham et 
al., 1976; Brooks and Corey, 1964; van Genuchten, 1980; Mualem, 1976). only 
three functions are presented as examples in this review. These are Gardner, (1958), 
Mualem (1976) and Brooks and Corey (1964). 
The functions are described by Vanclooster et al., (1994), and are: 
Gardiner (195 8): K(h)=K5e (4-7) 
Mualem (1976): K(h) = K ç S 	[i - (i - (4-8) 
(2+3A 
Brooks and Corey (1964): 	K(S) = KS Se T) 	 (4-9) 
where, K 	 is the saturated hydraulic conductivity (L . day-') 
2 	 is the tortuosity factor which can be fixed to 0.5. 
In the SWAP, UNSATCHEM, HYDRUS-21) and SALTMED models the Mualem 
function (Mualem, 1976) is used. In addition, the UNSATCHEM model considers 
the effects of chemical composition on hydraulic conductivity (Simunek et al., 
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1996). The unsaturated hydraulic conductivity model of Broadbridge and White 
(198 8) is used in the WAVES model (Zhang and Dawes, 1998), while in the WAVE 
mode!, all of the above functions are available. 
4.3.2 Evapotranspiration 
The Richard's equation includes a sink term to model water uptake by plant roots. 
Water uptake is derived from potential crop evapotranspiration. In the WAVE, 
UNSATCHEM and HYDRUS-2D models, potential crop evapotranspiration (ETa ) 
is required as an input. However, in the WAVES, SWAP and SALTMED models, 
E7'1, is calculated using Penman-Monteith equation (Monteith, 1981; Smith et al., 
1992; Allen ci' al., 1998). In all models under review, ET, is partitioned into 
potential soil evaporation (Er ) and potential crop transpiration (T,,) on the basis of 
leaf area index (LAI). The SWAP model uses the following functions to split ET 
into E and 
E,, =EI.e' 	 (4-10) 
ET,, 
	 (4-11) 
where, I 	 is the interception amount (L) 
T, is transferred to potential water uptake by plant roots from different soil layers 
depending on root length and distribution. Water shortage and salinity reduce root 
water uptake and their effect is considered by multiplying the potential root water 
uptake in each soil layer by water and salinity stress reduction factors. The 
UNSATCHEM, HYDRUS-21) models take into account the combined effect of 
water and salinity stress on root water uptake according to the function proposed by 
Feddes et al., (1978) and modified by van Genuchten, (1987) to include the effect of 
salinity on osmotic stress. 
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The SALTMED model considers the effect of both soil water and salinity stress 
according to the model suggested by Cardon and Letey, (1992) as: 
S...(t) 	1 2(z,t) 	 (4-12) 
(ci(t)h+ 
ii 
2t50 (t) )j 
2(z) =5/3L for z!~0.21 	 (4-13a) 
2(Z) -25/12L(1z/L) 	for 0.2L<z:~L 	 (4-13b) 
2(Z) =0.0 	for z > L 	 (4-13c) 
where, S(z,t) 	is water and salinity stress-adjusted value of potential root 
water uptake (day'), 
Sniax (t) 	is the maximum potential root water uptake at the time t 
(day'), 
z 	 is the vertical depth (positive downward) (cm), 
2(z,t) 	is the depth and time-dependent fraction of total root mass, 
L 	 is the maximum rooting depth (cm) 
h 	 is the matric pressure head (cm) 
is the osmotic pressure head (cm) 
is the value of osmotic pressure head at which root water 
uptake is reduced by 50% (cm), 
a 	 is a coefficient equal to 7r50 / h50 , where h50 is the value of 
soil water pressure head at which crop transpiration is reduced 
by 50%. 
The WAVE model considers only the effect of water stress on crop transpiration 
according to the model proposed by Feddes et al., (1978). The SWAP model takes 
into account the combined effect of water and salinity stress according to the 
function presented by Homaee (1999), which is a combination of the reduction 
function of Feddes et al., (1978) with that of Maas and Hoffman (1977). This 
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requires input of salinity threshold EC values, above which, salinity stress occurs. 
All of the above-mentioned functions are discussed in Chapter 2. 
In the WAVES model, soil evaporation and plant transpiration are calculated 
separately using the Penman-Monteith equation (Monteith, 1981). The effect of 
salinity on plant growth is modelled in terms of its effect on the availability of soil 
water to plant roots due to the osmotic potential induced by dissolved salts. The 
availability of water to the plant is calculated as (Zhang and Dawes, 1998): 
Ti  + u, 
Azi 11- 
N x w 
Z jiiax  
where, X, 	is the relative availability of water, 
(4-14) 
Ti 	is the water matric potential (m) at node i, 
vi1t 	 is the matric potential at wilting point (m), 
[I, 	is the osmotic potential (m) at node i, 
N 	 is number of nodes, 
Ziiiax 	 is the maximum rooting depth. 
Transpiration is distributed within the rootzone according to the following equation 
(Zhang and Dawes, 1998): 
rw1 = E 





is the root water demand at depth node I (m.a'j, 
(4-15) 
rp1 	 is the proportion of total root mass at node I, 
SRP 
	
is the sum of numerator overall all nodes. 
4.33 Solute Transport 
All six models under consideration in this review solve convection-dispersion type 
equations for solute transport. However, solute transport in the HYDRUS-21) model 
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considers diffusion in the gaseous phase in addition to the convective and depressive 
transport in the liquid phase. The widely applied convection-dispersion equation is 
written as (Vanclooster et al., 2000b): 
OC) + 5 (pI<1C) 
= --[OD.c_1_ 
6(q,C) 
+ Sinksol 	 (4-16) 
6z 6z] 
where, C is the soil solute concentration (kg m 3 ); 
0 is the volumetric water content (m 3 in 3 ); 
K 1  is the distribution coefficient (m 3 kg); 
D is the dispersion coefficient (m 2 day'); 
q is the Darcian water flux (m3 n, -2 day); 
P is the apparent density (kg m 3 ); 
t is the time (day); 
Sinksol is the solute sink term (kg day') 
The distribution coefficient K(f is defined as the ratio of the adsorbed solute content 
to the solute concentration in solution at equilibrium. In other words, it indicates the 
tendency of solutes to adsorb to the soil particles. Kd  can be considered as a very 
variable and unpredictable parameter. Its value depends on solute and soil 
characteristics and may range between several magnitudes (Baes and Sharp, 1983). 
K(/ is very important parameter in modelling solute transport in soil as it controls the 
adsorption of solutes on soil complex. In other words, it has a great influence on the 
rate at which salinity builds up, or is leached. A high value of Kd,  lead to greater 
adsorption of solutes and simulated leaching of solutes would be less effective than 
with a lower value of K 1 . Persicani, (1996) reported that, with decreasing K 1 value 
from 1.0 ml / g to 0.4, the cumulative atrazine loss below the topsoil increased from 
41 % to 70%. Accordingly, this parameter can be the key parameter in calibrating soil 
salinity and obtaining reasonable salinity levels that reflects the real situation. 
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For modelling solute transport, the WAVE model considers a physical non-
equilibrium concept, assuming convection-dispersion flow in the mobile soil region 
together with rate-limited exchange between the mobile and immobile soil regions. A 
flux type (solute flux mass) boundary condition is used to define the top boundary 
condition. The lower boundary condition is a zero concentration gradient at the 
bottom of the flow domain. 
The UNSATCHEM model considers Ca 2 , Mg 2 , Nat, K, S04 2 , C1, N031  
H4SO4 , alkalinity, and CO, as major variables of the chemical system. The model 
accounts for the equilibrium chemical reactions between these components such as 
complexation, cation exchange and precipitation-dissolution. Of the five models 
under consideration, only the UNSATCHEM model considers the precipitation-
dissolution of calcite and dissolution of dolomite either by equilibrium or multi-
component kinetics including both forward and backward reactions. The cation 
exchange between the solid phase and solution is described using the Gapon equation 
(White and Zelazny, 1986). Other dissolution-precipitation reactions considered 
include gypsum, hydromagnesite, nesquehonite, and sepiolite. 
In the HYDRUS-2D model, the solute transport equations consider the following: 
advection-dispersion transport in the liquid phase; 
diffusion in the gas phase; 
non-linear non-equilibrium reactions between solid and liquid phases; 
linear equilibrium reactions between the liquid and gaseous phases; 
two first order degradation reactions; degradation reactions independent of 
other solutes, and degradation reactions which couple the solutes involved in 
sequential first order decay reactions. 
The solute transport model in the HYDRUS-2D and UNSATCHEM models supports 
constant or time-variable concentration and concentration flux boundary conditions. 
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4.34 Crop Yield Response 
Of the five models reviewed, WAVE and HYDRUS-2D are unable to assess the 
combined effect of irrigation water applications, leaching amounts, and drainage 
rates on crop yield since they do not include any crop yield response function. In the 
WAVE model, the crop growth model can calculate the time course of the leaf area 
index, the accumulation of the dry matter of the different plant organs and the root 
length and root density extension rate, but this does require a significant amount of 
data. 
Crop yield in the SWAP and LTNSATCHEM models is modelled using the crop 
production functions proposed by Doorenbos and Kassam (1979) and Stewart et al., 
(1976), respectively. These functions were discussed in Chapters 2 and 3. Crop yield 
response to water is computed in the WAVES model according to the model 
proposed by de Wit (195 8) as: 
Y=Y.rn- 2  " - 	 (4-17) 
ET, 
where, 1' 	 is the maximum grain yield, 
in 	 is an empirical constant, 
E1, 	is the potential crop evapotranspiration over the growing 
season (m), 
ET, 	is the actual crop evapotranspiration over the growing 
season (in) 





where, Yr 	 is the relative yield, 
(4-18) 
S,,ax  (t) 	is the potential root water uptake at the time t (day'), 
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S(t) 	is the actual root water uptake over the season (day). 
The above function is basically the same as the de Wit (function) except that there is 
no constant. 
The actual yield is simply obtained by (Ragab, 2002): 
Y;1  =Yr *Y 
	
(4-19) 
where, Y 	is the actual yield, 
is the maximum yield obtained under optimum conditions. 
4.4 	Strengths and Weaknesses 
4.4.1 WAVE 
One of the advantages of the WAVE model is that it is programmed in a modular 
way, which makes it relatively easy to incorporate new concepts and routines without 
the need to significantly change the model structure or its input files (Vanclooster et 
al., 1994). Other advantages of the WAVE model are: 
it is able to assess the contribution from the water table by capillary flux in 
partially meeting crop water requirements; 
it provides physics based modelling of soil moisture movement, solute 
transport and root development; 
it is also able to assess the influence of the water table on the salinity levels in 
the root zone; 
model source code is available. 
Three weaknesses have been identified: 
the model calculates actual crop transpiration assuming that the crop is only 
under the effect of soil water stress, it is not be able to take into account the 
combined effect of water and salinity stress on crop transpiration, which 
makes it less applicable under salinity conditions; 
it is unable to assess the combined effect of irrigation water applications, 
leaching amounts, and drainage rates on crop yield since it does not include 
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any crop yield response function; its' crop growth module calculates the time 
course of the leaf area index, the accumulation of the dry matter of the 
different plant organs and the root length and root density extension rate and 
requires a lot of parameters. 
C) 	the maximum simulation period is limited to one year; this is a limitation 
particularly in application to salinity management problems as it can take 
several years for the impacts of any particular water management practice to 
be observable, or to significantly affect crop yield (Mott MacDonald, 2000b). 
4.4.2 UNSATCHEM 
The UNSATCHEM model is recommended for reactive transport modelling when 
sodium adsorption ratio (SAR)and electrical conductivity (EC) are required (MDH 
Engineering Solutions Corps., 2003). The strengths of this model are as follows: 
it is able to model complex soil-water-plant interactions especially the 
reactive transport of multiple species and their effect on crop transpiration 
and subsequently on crop yield; 
it is able to simulate cation exchange reactions; 
it considers the effect of chemical composition on hydraulic conductivity; 
input parameters are relatively straightforward to define. 
V) 	it includes a crop yield response function. 
Its weaknesses are that: 
it cannot be used for long-term simulation; it can only run for maximum one 
year; 
it doesn't take into account solutes added to the soil profile through irrigation 
water; 
C) 	it is limited to modelling a specific set of major ions; 
although it can model precipitation/dissolution reactions, it is limited in its 
ability to model sorption/desorption and decay processes; 
the specification of boundary conditions is complex; 
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1) 	in the calculation of crop yield, the model assumes that the effect of water 
stress is the same during all growth stages; it doesn't consider the different 
sensitivity of growth stages to water deficit. 
4.4.3 WAVES 
WAVES is applicable in a wide range of conditions. It was not developed for any 
particular climatic region, soil type or vegetation system. It also includes a wide 
range of dynamic processes. The WAVES model allows long-term simulations 
depending on how much climatic data are available or can be generated (Zhang and 
Dawes, 1998). The model is able to quantify the effect of different irrigation and 
drainage scenarios on crop yield. WAVES calculates actual crop evapotranspiration 
taking into account the effect of both soil water and salinity stress. 
In terms of solute transport, WAVES does not consider the adsorption of solutes onto 
the soil matrix. In addition, the application of the model is limited by large number of 
soil and crop parameters. It requires 22 vegetation parameters to describe the canopy 
carbon balance, and interaction between soil and vegetation. Some of these 
parameters are difficult to obtain in practice (Zhang et al., 1996). Table 4.1 presents 
a summary of the input parameters used for simulations with the WAVES model. 
4.4.4 SWAP 
The SWAP model includes a crop production function so that, it is able to assess 
crop yield response to water and salinity stress. In addition, SWAP can deal with 
several water management scenarios and their effect on crop yield. Irrigation 
scheduling in these scenarios can be considered as fixed or according to a number of 
criteria (Van Dam, 2000). 
Ines et al., (2001) identified the following limitations: 
The soil evaporation and crop transpiration are strongly dependent on the 
function describing Leaf Area Index (LAI). 
At low values of saturated hydraulic conductivity, the model fails to finish 
simulations, as the Richard's equation cannot be solved at these low values. 
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The model does not account for the nonequilibriurn sorption of pesticides. 
Another limitation of the SWAP model is that it needs a lot of data that are not 
readily available in many areas of the world. Table 4.2 summarises the input data 
required by the model. 
Table 4.1: Input variables and principle model parameters of WAVES 
Data type Description 
Meteorological data Total 	solar 	radiation, 	maximum 	daily 	temperature, 
minimum daily temperature, mean daily vapour pressure 
deficit, total daily precipitation. 
Soil parameters Soil albedo, 	soil roughness length, saturated hydraulic 
conductivity, volumetric moisture content at saturation, 
air-dry soil moisture content, capillary length scale, and 
shape parameters. 
Vegetation parameters Canopy 	albedo, 	rainfall 	interception 	coefficient, 	light 
extinction coefficient, specific 	leaf area, 	maximum 
assimilation rate of carbon, maximum plant available water 
potential, saturated light intensity, maximum rooting depth, 
canopy roughness length, residual stornatal conductance, 
slope parameters for conductance model, 	CO. 	mole 
fraction of the air, CO2 compensation point, temperature 
when growth is optimum, temperature when growth is half 
optimum, leaf maintenance respiration coefficient, stem 
maintenance 	respiration 	coefficient, 	root 	maintenance 
respiration coefficient, leaf mortality coefficient, 	stem 
mortality coefficient, root mortality coefficient and vapour 
pressure coefficient. 
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Table 4.2: Summary of input data requirements for SWAP model 
Kind of data Description 
Meteorological data Daily global radiation, maximum and minimum temperature, 
average vapour pressure, average windspeed, total rainfall 
and reference evapotranspiration 
Irrigation Fixed 	irrigation: 	dates 	and 	depths, 	salt 	concentration in 
irrigation water, irrigation method 
Calculated 	irrigation; 	irrigation 	type, 	irrigation-timing 
criteria, irrigation depth criteria. 
Crop Crop rotation data, detailed crop growth, data required for the 
simple crop model 
Soil Soil water data, soil hydraulic parameters, and drainage data, 
bottom boundary conditions. 
Heat Heat flow data: data required for the analytical and numerical 
method 
Solute Diffusion, dispersion, solute uptake by roots, adsorption, 
decomposition, mobile and immobile water volumes, solute 
resistance in saturated zone 
4.4.5 HYDRUS-2D and UNSATCHEM 
HYDRUS-21) and UNSATCHEM are very closely related and can be alternates 
when crop yield simulation is not required. HYDRUS-21) is a more general solute 
transport code that includes non-linear adsorption and degradation. It is less 
sophisticated than UNSATCHEM in terms of some chemical transport functions. It 
is not limited to modelling a specific set of major ions. However, it cannot handle 
general cation exchange (MDH Engineering Solutions Corp., 2003). 
HYDRUS-21) does not include any crop yield or growth modules. It does not 
account for the amount of solute added to the soil profile through irrigation water 
which affects on soil salinity simulation results. It cannot be used for long-term 
simulations, and it is limited to runs of one year duration. 
44.6 SALTMED 
Most of the developed models are one dimensional. The SALTMED model simulates 
water and solute transport in one or two dimensions and can be applied to any 
irrigation system as well as to rain fed agriculture. Other advantages of the model are 
(Ragab et al., 2003): 
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it accounts for the combined effect of water and salinity stress on crop 
transpiration, yield and subsequently on fanner's income; 
it uses a water uptake function to account for vertical and horizontal root 
distribution; other models only accounts for the vertical distribution; 
it is flexible and offers options depending on data availability and can be used 
in areas with poor data availability; 
it can be used to predict long-term salinity impact; 
it includes a crop yield response function; 
its interface is a menu based and as such it is relatively easy to use. 
A shortcoming to the model is that, it solves the water and solute balances only for 
free draining soil or for the case of an impermeable lower boundary. It is not clear 
that the model can simulate interactions between a shallow water table and soil 
moisture movement. Certainly in the applications that there have been of the model, 
this has not been a problem, but it could be an issue in many applications where 
drainage is a significant part of the water management problem. It is interesting that 
the papers on SALTMED (Ragab, 2002; Ragab et al., 2003; Ragab et al., 2005) do 
not cite work on models such as SWAP or WAVES. 
4.4.7 Significant Model Differences 
From the above descriptions, the main differences between the models can be 
summarised as follows: 
potential crop evapotranspiration is computed in SWAP, WAVES and 
SALTMED models using Penman-Monteith equation (Monteith, 1981; Smith et 
al., 1992; Allen et al., 1998). In the other models ET is required as input. The 
WAVE model considers only the effect of water stress on crop transpiration and 
ignores the effect of salinity. Other models consider the combined effect of water 
and salinity stress on crop transpiration. 
. 	the models differ in their ability of quantify the effect of water and salinity stress 
on crop yield (WAVE and HYDRUS-21) are the only models with no crop yield 
response functions). Other models use different crop yield response functions. 
UNSATCHEM and SALTMED are the only models that consider the cumulative 
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effect of water and salinity stress on crop yield using the additive function 
proposed by Stewart et al., (1976) and Ragab, (2002), respectively. However, the 
UNSATCHEM model assumes that the sensitivity to water stress is the same 
during all growth stages. 
UNSATCHEM and HYDRUS-2D are the only models account for multi-
component solute transport in variably saturated flow and their effect of crop 
transpiration and yield. Other models consider the transport of only one solute. 
the models differ in the required model data input; the SWAP and WAVES 
models require a large number of soil and crop parameters; some of these 
parameters are not readily available in many areas of the world. 
Table 4.3 presents a summary of model characteristics. 
IiJ 
Table 4.3: Comparison of the models in each of the five codes presented in this chapter. 
Process WAVE IJNSATCHEM WAVES SWAP HYDRUS-2D SALTMED 
Variably saturated Finite difference model Finite difference model Finite difference model Finite difference Finite difference model Finite difference model 
water flow with one-dimensional with one-dimensional with one-dimensional model with one- with two-dimensional with one-dimensional, 
unsaturated flow based on unsaturated flow based on unsaturated flow based dimensional unsaturated flow based on two dimensional or three 
Richards' equation Richards' equation on Richards' equation unsaturated flow Richards' equation dimensional unsaturated 
based on Richards' flow based on Richards' 
equation  equation 
Root water uptake Sink term in Richard's Sink terrn in Richard's Sink term in Richard's Sink term in Richard's Sink term in Richard's Sink term in Richard's 
equation depends on equation depends on equation depends on equation depends on equation depends on equation depends on 
water stress only. osmotic stress and water osmotic stress and osmotic stress and osmotic stress and water osmotic stress and \vater 
stress. water stress. water stress. stress. stress. 
Unsaturated van Genuchten (1980) van Genuchten (1980) Broadbridge and White van Genuchten (1980) Brooks and Corey, 1964, van Genuchten (1980) 
hydraulic model for 0(h) and model with the capillary (198 8) model for both model with the van Genuchten, 1980 and model with the capillary 
properties model ofMualem (1976) 0(h) 	K(h) and capillary model of Vogel and Cislerova, 1988 model ofMualern (1976) different models for 
for both 0(h) and  1 M ua em (1976) for model for both 8(h) and for both 0(h) and K n j or K .' 1  both 0(h) and 
(Gender 1985; Gilhamet V1J 
K h al., 1976; Brooks and 
Corey, 1964; van 
Genuchten, 1980)  
Initial and Initial condition on Initial condition on Initial condition on Initial condition on Initial condition on Initial condition on 
boundary pressure head; head and pressure head; head and pressure head; head and pressure head; head pressure head; head and pressure head; head and 
conditions for the flux boundary conditions; flux boundary conditions; flux boundary and flux boundary flux boundary conditions; flux boundary 
water flow system ponding and seepage ponding and seepage conditions; ponding and conditions; ponding ponding and seepage conditions; ponding and 
seepage and seepage  seepage 
Solute transport One-dimensional, time One-dimensional, gas, One-dimensional One-dimensional Two-dimensional, gas, One-dimensional, two 
equations varying; liquid and solid liquid and solid phases; advection-dispersion advection-dispersion liquid and solid phases; O dimensional or three 
phases; l 	order decay; order production, l 	order including equilibrium including equilibrium order production, l 	order dimensional, time 
convection-dispersion decay; advection- non-linear sorption; non-linear sorption; decay; advection- varying; liquid and solid 
equation; non equilibrium dispersion; linear decay linear decay dispersion; phases; l 	order decay; 
equilibrium/non- equilibrium/non- convection-dispersion 
equilibrium sorption. non equilibrium sorption. non equation; non 
linear sorption  linear sorption. equilibrium 
Table 4.3 (contd.): Comparison of the models in each of the five codes presented in this chapter. 
Process WAVE UNSATCHIEM WAVES SWAP HYDRUS-21) SALTMED 
Initial and A flux type top Initial conditions for Concentration flux for Initial conditions for Initial conditions for Concentration flux for the 
boundary boundary condition. liquid and solid phases; both upper and bottom liquid and solid liquid and solid phases; upper boundary condition. 
conditions for The lower boundary pressure head (Dirichelet boundary conditions. phases; pressure head pressure head Free drainage at the 
the solute condition is zero condition) , flux (Dirichelet condition) (Dirichelet condition), bottom of the profile is 
transport gradient at the bottom (Neumann condition) or , flux (Neumann flux (Neumann assumed otherwise an 
of the flow domain, combination of two condition) or condition) or impermeable layer at the 
(Cauchy condition) combination of two combination of two bottom is assumed. 
(Cauchy condition (Cauchy condition  
Strengths It can be modified Deals with the reactive It is applicable in wide It offers wide range of It includes non-linear It can be used in area with 
without the need to transport of multi- range of conditions, applications for adsorption and limited data availability. It 
change the structure or component solute and represents wide range irrigation water degradation. It is not accounts for the vertical 
its input files, their effect on of processes. It allows management. It limited to a specific set and horizontal root 
mechanistic model transpiration, simulates long-term of includes crop yield of major ions, distribution. It can be used 
provide physics based cation exchange simulation. It includes response function. to long-term salinity 
modelling of soil reactions, considers the crop yield response impact. It includes crop 
moisture movement, it effect of chemistry on function, yield response function 
can deal with the K(h), includes crop 
upward capillary flux 
yield response function 
from watertable,  
Limitations It is limited to Boundary conditions is Solute is assumed to The model cannot High computational It solves water and solute 
application to one complex, it cannot be not adsorb on the soil finish simulation at demand, does not balances only for free 
calendar year. Does used for long-term matrix or affected by low values of calculate potential draining soil. It doesn't 
not account for the simulation, it does not soil hydraulic hydraulic evapotranspiration from account for the capillary 
effect of salinity stress consider the amount of properties or removed conductivity. It needs climatic data. It cannot rise from shallow water 
on transpiration, does solutes added to the soil by the plant roots. a lot of input data handle general cation table 
not include yield through irrigation water, exchange 
response function it is limited to modelling 
a specific set of major 
ions. 
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4.5 	Model Applications 
This section presents a brief review of applications of the above models to simulate 
water and solute transport in the unsaturated soil zone. Researchers worldwide have 
applied these models under different conditions, for different crops to simulate crop 
transpiration, deep percolation, crop growth response to different irrigation and 
drainage scenarios, and leaching of fertilisers and pesticides from soil. However, as 
the models were developed in the last ten years, the literature describing their 
application is not extensive. 
4.5.1 Applications: Evapotranspiration 
Fernandez et al., (2002), successfully applied the WAVE model to predict soil 
moisture content and maize crop transpiration, under Mediterranean conditions. 
However, they found that the model was sensitive to the input values of leaf area 
index (LAI) and crop coefficient (Kr ). 
The WAVE model was successfully used by Meiresonne et al., (1999) to simulate 
crop transpiration. However, they reported that further improvements to WAVE are 
required. In periods of high evaporative demand, when the model overestimated 
transpiration, a parameter should be introduced to account for the reduction in 
stomatal conductance caused by high values of radiation. 
The WAVE and SECRETS (Sampson et al., 2001) models were used by Meiresonne 
et al., (2003) to simulate crop transpiration. Simulated transpiration was compared 
with transpiration measured by lysimeter. Results showed that, there was reasonable 
agreement in the annual water balance between the two models. However, SECRETS 
estimates of crop transpiration were closer to the measurements than those of the 
WAVE model. The WAVE model overestimated transpiration during periods of no 
rainfall and underestimated transpiration during rainfall. Both models estimated 
higher evapotranspiration than measured. 
The WAVES model was tested by Zhang et al., (1996). They found that the 
simulated evapotranspiration and soil moisture content agreed well with the 
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observations. They concluded that the model can be used to assess the effect of 
irrigation management on crop growth. 
Slavich et al., (1998), tested the WAVES model to predict lucerne evapotranspiration 
under shallow water table conditions, and showed that modelled evapotranspiration 
rates agreed well with those observed over three growing seasons. They 
demonstrated that the model, with the current modelled processes of crop response to 
water stress and climatic conditions, gives an adequate prediction of crop 
transpiration and growth under the conditions of a shallow water table. 
4.5.2 Applications: Irrigation Scheduling 
D'haeze et al., (2003), used the WAVE model to evaluate irrigation practices in 
Central Vietnam. They tested the crop growth response of Coffea canephors to 
different irrigation application depths. In comparison with observed data, the 
simulation results showed that the model can accurately simulate soil moisture 
content and can be used to assess the effect water stress on crop growth. 
The WAVE model was linked to a crop yield response model by Mott MacDonald 
(2000b) to assess crop yield response to water and salinity stress and to waterlogging 
in South Kazakhstan. Modelling results indicated that acceptable yields of cotton 
could be achieved with an annual water application of 800 mm, accompanied by an 
annual drainage of 200 mm (Mott MacDonald, 2004). 
The WAVE model was used successfully to simulate the effect of water supply 
capacity on crop growth in Netherlands (Verhagen et al., 1995). 
WAVES was used by Wang et al., (2001) to simulate the long-tenTn effect of 
irrigation management on crop growth in the North China Plain where there is 
competition for available irrigation water. They demonstrated that soil evaporation 
under a wheat canopy was high and accounted for about 30% of evapotranspiration, 
and that mulching could reduce soil evaporation by about 50% and save 80 mm of 
water during wheat growing season. 
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Kang et at., (2003), successfully used the WAVES model to study the effect of 
different irrigation water application on crop yield and water use efficiency in China. 
They reported that appropriately used limited irrigation could improve crop yield and 
water use efficiency. 
Droogers and Torabi (2002) used SWAP to study the effect of different irrigation 
applications and salinity levels on the yield of different crops under different soil 
types. They demonstrated that the SWAP model was able to provide a realistic 
assessment of the effect of wide range of irrigation scenarios on soil water and 
salinity levels, and subsequently on crop yield. 
Qureshi et at., (2002), used the SWAP model to assess the best irrigation depths and 
intervals for sugarcane production in Pakistan. A crop water production function 
(Doorenbos and Kassam, 1979) was used to predict yield and water use efficiency 
from model-predicted transpiration. It was found that the seasonal total of 1650 mm, 
applied at 15-day intervals was the best irrigation schedule for the region, and 
increased yield by about 76%. 
The effect of water delivery schedules on crop production, water saving, soil salinity, 
drainage volumes and water table depth in Punjab, Pakistan, was evaluated by 
Sarwar et at., (2001) using the SWAP model. They reported that maximum crop 
yield and water use efficiency could be obtained under the On-demand schedule in 
which farmers decide when and how much water should be applied according to the 
variation ii rainfall and evaporative demand. Moreover, the On-demand schedule 
was effective in irrigation water saving, reducing drainage volumes, and deep 
percolation. 
The HYDRUS-21) model was used by McKeenng et at., (2004) to evaluate the 
ability of alternative irrigation scenarios to create effective partial root zone deficit 
for cotton on cracking clay soils. They found that the accuracy of the model in 
predicting soil moisture was low due to difficulties and errors in parameterisation of 
the root water uptake and soil hydraulic properties. They reported that, it would be 
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difficult to implement partial rootzone drying strategies on cracking clay soils for 
cotton production. 
HYDRUS-21) was also used to simulate water movement and solute transport in soil 
and groundwater in New Zealand. The model simulated well the general trend of 
field observations for soil water content, and soil water potential. The simulation 
results were better for less heterogeneous soils (Pang et al., 2000). 
4.5.3 Applications: Salinisation 
Smets et al., (1997) calibrated and applied the SWAP model in the Punjab area of 
Pakistan to evaluate current irrigation practices as well as the impact of different 
irrigation practices on soil salinity and crop transpiration for cotton and wheat. They 
demonstrated that the irrigation interval is an important management option to 
control soil salinity and optimise transpiration. Irrigating sandy soils less frequently 
with larger application depths reduced transpiration but kept salinity at an acceptable 
level. Water application at the beginning of growing season also kept soil salinity 
under control. Long-term simulation for the current irrigation practices indicated that 
crop transpiration was lower in sandy soils than in loamy soils when the irrigation 
quantity was decreased. Salinity stress was more pronounced in loamy soil than in 
penneable sandy soils, and under-irrigation had a greater impact on salinity stress 
than the quality of irrigation water. 
The SWAP model was applied by Singh (2004) to formulate guidelines for irrigating 
cotton and wheat crops with saline groundwater. The impact of irrigating with 
different depths and water qualities on crop performance and soil salinity was 
evaluated. The simulation results indicated that it was possible to achieve sustainable 
crop production with a total water application of 800 mm with EC values of up to 
14 dS / in. However, it was found that leaching must be applied with water of good 
quality (0.3 - 0.4 dS / in). The implementation of these guidelines would greatly help 
in achieving sustainable crop yield by avoiding water logging and salinity problems. 
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Zhang et al., (1999) studied the effect of a shallow saline water table on salt 
accumulation, evapotranspiration, ground water uptake and plant growth of lucerne 
in Griffith, NSW, Australia. It was found that the WAVES model was able to 
predict daily and seasonal variations in evapotranspiration, upward flux from the 
water table, plant growth in terms of leaf area development, soil salinity, and the root 
water extraction pattern. There was a considerable decline in transpiration, leaf area 
growth, and upward flux after groundwater salinity increased from 0.1 dS /in to 16 
dS / in. According to these results, they suggested that the WAVES model is 
applicable to irrigated agricultural systems. 
Utset and Borroto (2001) used the SWAP model to assess the effect of irrigation on 
water table level and subsequently on soil salinity at San Antonio del Sur Valley, in 
the southeast of Cuba. The simulation results showed that, increasing irrigation water 
caused a high water table and as a result, saline soil zones enlarged from 31.4 to 96.8 
ha within a 15 year simulation period. 
The SALTMED model has been used by Ragab et al., (2005) with data for five 
growing seasons from Syria and Egypt, and successfully predicted the effect of 
salinity on crop yield, water uptake, soil moisture and salinity distribution. The 
results indicated that, a 7 dS/m irrigation water reduced tomato yield by 50%. A 
good simulation of salinity can help avoid salinity build up in the rootzone if used to 
determine leaching requirements. The results proved that the SALTMED model can 
be a useful tool in the management of water, crop and soil under field conditions. 
The calibrated SALTMED model was applied by Flowers et al., (2005) to study the 
effect of irrigation with saline water on tomato transpiration and yield using drip and 
furrow irrigation methods in Egypt and Syria. The irrigation treatments were: (a) the 
use of mixed saline and fresh water, blended in different ratios; and (b) the use of 
fresh water during the sensitive stages for salinity and saline water during the salinity 
tolerant stages. Results showed that, in Egypt, yield and fruit number were highest 
with the combination of drip irrigation and blended water. In Syria, yield under drip 
irrigation was also higher than that under furrow irrigation and decreased with 
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increasing salinity of irrigation water. There was good agreement between simulated 
and observed transpiration and yield in Syria and Egypt over 3 years, confirming the 
applicability of the SALTMED model under saline conditions 
45.4 Applications: Solute Transport 
Ducheyne et al., (2001) used a calibrated and validated WAVE model to examine the 
factors affecting the amount of nitrate leached at the bottom of the rootzone. They 
reported that, the nitrate leached out of the soil profile is controlled by the fertiliser 
practice, the rainfall depth and distribution, soil texture and the past fertilisation 
practice. 
The WAVE model has been applied to predict water and nitrogen status in the soil 
profile and their effect on crop growth (Vanclooster et al., 1995), and to predict 
pesticide fate, transport and leaching (Vanclooster et al., 2000a; Vanclooster et al., 
2000b). They reported that the potential of the model to accurately predict solute 
transport and pesticide fate is still limited, and that further developments in the 
model calibration and validation, including sensitivity analysis, were required in 
order to reduce the output uncertainty and improve its prediction accuracy. Verhagen 
ci' al., (1995) applied the WAVE model to calculate nitrate leaching. They reported 
that the model can be used to estimate nitrate fluxes in soil which are a side effect of 
agricultural production system, and to simulate pesticide dynamics. 
Kaledhonkar et al., (2001) used the UNSATCHEM model to assess the effect of 
using alkaline irrigation water, and to understand the complicated chemical processes 
that affect solute transport in the soil under these conditions. There was a good 
agreement between simulated and observed ion concentrations. They reported that 
the model could be used for assessment of the effect of using alkaline irrigation 
water and in evaluating sodic soil reclamation. 
Suarez, (2001) reported the successful use of the UNSATCHEM model to evaluate 
field reclamation of a sodic saline soil using gypsum or calcium. Electrical 
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conductivity (EC) and sodium adsorption ratio (SAR) predicted by the model after 
reclamation fitted well with measurements. 
Pang et al., (2000) used HYDRUS-21) to simulate pesticide transport in soil and 
groundwater. The results showed that HYDRUS-21) simulated pesticide 
concentration in soil and groundwater were similar to the observed values 
Many other studies have successfully used the HYDRUS-21) model, to simulate 
pesticide transport in soils. Persicani (1996) reported that the HYDRUS-21) model is 
sensitive to the sorption parameter Kd  and the degradation coefficient /1, the model 
needs proper input ranges for these parameters to obtain reasonable simulation of 
pesticide transport especially in highly sorptive soils. When calibrating the model 
with the best-fitted K. value, the model predictions were appreciably improved. 
The HYDRUS-2D model has also successfully been used to simulate chloride and 
nitrate transport in soil (de Vose et al., 2002). 
4.6 Conclusions 
In this chapter, six unsaturated zone models for simulating water movement and 
solute transport have been described and discussed. All models presented have a 
similar conceptual basis and solve the same equations for simulating water and solute 
transport. WAVES and SWAP require a lot of input data, that are not always readily 
available. UNSATCHEM is the only model that accounts for multi-component solute 
transport with major ion equilibrium and kinetic chemistry in variably saturated flow, 
with ability to quantify crop yield response to water and salinity stress. However, it 
requires salinity data in terms of soluble, adsorbed and precipitated salts as input 
which is not always available. 
The HYDRUS-21) model is limited in that it does not include crop production 
functions and is unable to quantify the effect of water and salinity stress on crop 
yield. It is not clear from the literature if the SALTMED model is capable of dealing 
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a water table interface. It would appear that it can deal with a free drainage lower 
boundary or with an impermeable lower boundary, which by implication would 
result in build up of a saturated zone. There is not, however an ability to deal with 
controlled drainage, and this may limit its applicability. 
When the research began, source codes access was only available for the WAVE 
model. The SWAP model code is now available, and in future research it would be 
of interest to evaluate this model also. The WAVE model was selected for use in this 
research, primarily because of source code access that would permit further model 
development with respect to incorporating the combined effects of water and salinity 
stress on actual evapotranspiration, and crop yield. In terms of input data 
requirements, WAVE requires lesser data on soil, crop and climatic data than other 
models. In addition, it provides physics based modelling of soil moisture movement, 
solute transport, and root development. It is able to assess the contribution from the 
water table through capillary flux in partially meeting crop water requirements. It is 
also able to assess the influence of the water table on the salinity levels in the root 
zone. 
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CHAPTER 5 
The WAVE Model 
5.1 Introduction 
As indicated in Chapter 4, the WAVE model was selected to investigate water and 
solute transport in the vadose zone, and to assist in the evaluation of alternative water 
and salt management strategies in South Kazakhstan. A weakness of the WAVE 
model is that it calculates actual crop transpiration assuming that the crop is only 
under the effect of soil water stress. It does not take into account the combined 
effects of soil water stress and salinity on crop transpiration and this makes it less 
applicable under salinity conditions. To address this problem, the model requires 
additional stress coefficients to synthesise the combined effects of accumulated water 
and salinity stress on crop transpiration. In FAO Irrigation and Drainage Paper No. 
56 (Allen et al., 1998), approaches are outlined for calculating crop transpiration 
under the combined effects of water and salinity stress. As a part of the research 
described in this thesis, the effects of water and salinity stress on crop transpiration 
have incorporated in a modified WAVE model, called WAVE—MS. 
The WAVE_MS model has been used to simulate soil water balances and to 
investig 	long-term salinity build-up in soil root zone. The effects of salinity and 
soil water stress on actual crop transpiration and yield under different water 
management practices were investigated in order to identify strategies that maximise 
crop yield under water shortage and salinity conditions. A crop yield response model, 
C YIELD (Mott MacDonald, 2000b) was used to translate water and salinity stress 
effects on transpiration into impacts on crop yield. 
This chapter provides a summary of the WAVE model theory, the equations 
describing water and solute movement in the unsaturated soil, and describes the 
modifications that have been made to create WAVE—MS. Section 5.2 outlines the 
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WAVE model theory. Section 5.3 describes the input data required by the model. In 
section 5.4, the interfaces and programs created by Mott MacDonald (2000b) to 
permit multi-year model runs are described. Section 5.5 presents the modifications 
made under this research to create WAVE—MS. The chapter ends with the 
concluding remarks. 
5.2 	The WAVE Model Theory 
5.21 General 
A general description of the WAVE model has been given in Chapter 4. The model 
was selected for use in this research primarily because the source code of the model 
was available, and this permitted greater flexibility in how the model could be used 
and modified. Source code is in fact now available for the SWAP model also, but had 
not been at the commencement of this research. The following sections describe the 
WAVE model structure and data requirements. 
5.2.2 Model Structure 
The model consists of five modules (Figure 5.1). These modules are: 
WAT: the water transport module calculates the water balance in soil-plant 
system using the Richardson equation; 
SOL: the solute transport module calculates the solute balance in soil-plant 
system using the coupled convection-diffusion equation; 
HEAT:the heat transport module calculates the heat balance in the soil-plant 
system; 
NIT: the nitrogen fate module calculates the nitrogen balance in the soil-
plant system; 
CROP: the crop growth module simulates the time course of the leaf area 
index, the accumulation of the dry matter of the different plant organs 
and the root length and root density extension rate. 
The model is programmed in a modular way, which allows development and 
modification of the model by incorporating other modules without the need to adapt 
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the model structure or the existing input files of the model. For the purposes of the 
present research, the HEAT, NIT and CROP modules were not used. The CROP 
module is focussed towards crop development, and it was considered that sufficient 
data would not be available to permit it to be applied to cotton in South Kazakhstan. 
The influence of salinity on crop development is not included, and this in itself was a 
significant limitation for the application intended under this research. 
Figure 5.1: Schematic representation of the WAVE model modules. 
(Vanclooster etal., 1994). 
5.2.3 Space and time scales 
WAVE describes water, solute, and energy fluxes in the vertical direction only. To 
reflect soil heterogeneity, the soil profile is split into a number of soil layers that 
have similar characteristics. These layers are then subdivided into equally sized 
intervals or compartments (Figure 5.2). The compartments form the basis of the 
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finite difference discretisation used in solution of the water and solute transport 
equations. Nodes are considered to be at the centre of compartments (Vanclooster et 
al., 1994). 
The WAVE-model uses variable time steps. This limits mass balance errors in the 
water flow equation. Water transport, heat transport, solute transport, and solute 
transformations are simulated in time steps smaller than a day. For other processes a 









Figure 5.2 Concept of vertical space scale (Vanclooster etal., 1994) 
5.2.4 The Water Transport Module (WAT) 
The soil water balance can be simply written as (Vanclooster et al., 1994): 
zw=(P+r+U)—(R+E +D+T+Int) 	 (5-1) 
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where, AW 	is the change in the soil water content (mm); 
P 	 is precipitation (mm); 
U 	 is the upward capillary into the soil root zone (mm); 
I 	 is the irrigation depth applied (mm); 
R 	 is the water depth lost by runoff (mm); 
E 	 is the actual evaporation (mm); 
D 	 is the percolation and drainage below the root zone (mm); 
T 	 is transpiration (mm); 
mt 	is the interception (mm) which is varies with the crop and its 
stage of growth. 
The model describes one-dimensional water transport using Richards equation. The 
Richards equation was presented in Chapter 4. To solve Richards equation, the soil 
moisture retention (MR c) and hydraulic conductivity (HCC) characteristics must be 
specified for each layer. Hysteresis in soil moisture retention can also be considered. 
The WAVE model uses the function proposed by van Genuchten (1980) to describe 
the moisture retention curve, which is the relationship between soil moisture content 
and pF, the pressure head as log10 cm of water (Vanclooster et at., 1994). The van 
Genuchten (1980) function (described in Chapter 4) requires the saturated moisture 
content O,  residual moisture content 8r'  the inverse of the air entry a, and the 
constants m and n which define the shape of the curve. These parameters can be 
based on pedo transfer functions presented in the WAVE manual (Vanclooster et at., 
1994). The soil moisture retention parameters must be input for each layer. These 
parameters are extremely important in the model calibration, and can be refined to 
improve the model fit to observed soil moisture data. 
It is necessary to define upper and lower boundary conditions in order to calculate 
the flux between soil compartments. The upper boundary condition is defined by 
specifying the minimum allowable pressure head at the soil surface and the 
maximum ponding depth. The lower boundary condition is defined by quantifying 
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the flux at the bottom of the soil profile. In the WAVE model there are several 
options to define the bottom boundary condition (Vanclooster et al., 1994). The 
options are as follows: 
	
1. 	A groundwater table is present: 
the groundwater level is specified as a function of time; 
or 
the flux through the bottom of the soil profile is given as a 
function of time, the groundwater level is calculated; 
or 
the flux through the bottom of the soil profile is calculated with a 
flux-groundwater relationship; the groundwater level is calculated. 
2. 	The pressure head at the bottom of the soil profile is known as a 
function of time. 
3. 	The flux through the bottom is known at each time step: 
assumption of free drainage; 
or 
zero flux. 
4. 	Lysimeter with free outflow at the bottom. 
52.5 Estimation of Potential Crop Evapotranspiration 
The potential crop evapotranspiration (ETc) is calculated in the WAVE model by 
multiplying the reference crop evapotranspiration (El) by a crop coefficient (Kr ) 
as described in the FAQ Irrigation and Drainage Paper No. 24 (Doorenbos and Pruitt, 
1977). 
Potential crop transpiration (Tn ) and potential soil evaporation (Es ) are calculated 
by splitting ET  using the Leaf Area Index (LAI) (Vanclooster et al., 1994): 
EP =e-0.6'A ' .E1, (5 -2) 
7",. =ET. —E,. —CanStor (5-3) 
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where, LAI 	is the leaf area index 
EP 	is the potential soil evaporation (mm / clay); 
T 	 is the potential crop transpiration (mm / day); 
ETc 	is the potential crop evapotranspiration (mm / day); 
CanStor 	is the amount of water which has been intercepted and is now 
released from the crop canopy (mm) 
For each soil compartment, the root water uptake is computed by multiplying the 
maximum root water uptake (Sniax) with the reduction factor a(h), which is based 
on the pressure head (h). The WAVE model provides linear and hyperbolic 
relationship between a(h) and the pressure head. The wilting point value 
(h3 = —16000 cm, pF = 4.2) is often taken as the lower limit of this relationship. 
Root water uptake at different depths is determined by integrating the root water 
uptake term from the soil surface to an increasing depth z less or equal to the 
rooting depth L1 , until the integral becomes equal to the potential transpiration rate. 
If the integration over the complete rooting depth is insufficient to explain the 
potential transpiration rate, water stress is considered to occur 
	
The actual 






where, I 	 is the actual transpiration rate (mm /day) 
T 	 is the potential transpiration rate (mm /day) 
is the rooting depth (mm) 
The WAVE model considers only the effect of water stress on crop transpiration. 
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5.2.6 The Solute Transport Module (SOL) 
The model accounts for non-equilibrium solute transport, assuming convection-
dispersion flow in the mobile soil region together with rate-limited exchange 
between the mobile and immobile soil regions. In both regions, adsorption is 
assumed to occur reversibly and linearly. Transport of solute in the mobile soil 
region is determined by chemical diffusion, convection-dispersion and hydrodynamic 
dispersion. The interaction between the two regions is expressed by adsorption and 
diffusion between both regions. The convection-dispersion equation is presented in 
Chapter 4. 
The solute transport equation has many input parameters. These include; the 
distribution coefficient of an adsorbing solute (K11 ), the chemical diffusion 
coefficient of the solute (Dif), empirical coefficients (a) and (b) relating the 
chemical diffusion in a pure liquid with diffusion in the soil medium, the soil 
hydrodynamic dispersivity (AS), the fraction mobile to total water content (8 /0), 
the mass transfer coefficient between mobile and immobile soil zones (a) and the 
fraction of the adsorption sites in the mobile zone (/). These parameters need to be 
specified for each soil layer. K11  is one of the most important parameters in soil 
salinity calibration as it significantly effects the rate of salinity build up. This 
parameter controls the adsorption process of solutes in the soil complex. For linear 
and reversible adsorbing species, the distribution constant is used to relate solute in 
the soil solution and on the sorption sites as (Vanclooster et at., 1994): 
C'fl, = 	. Kd  (5-5) 
	
where, Cs,,, 	 is the adsorbed solute mass on the soil complex 
(Kg Kg thy soil) 
C,,, 	 is the solute concentration in the mobile soil region (Kg in') 
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In solute transport the WAVE model uses a flux type top boundary condition 
(Vanclooster et at., 1994): 
= C.q% , 	for q <0.0 (infiltration) 
(5 -6) 
= 0 	 for q1, > 0.0 (evaporation) 
where, C f 	is the solute flux concentration (Kg m 3 ) 
is the solute mass flux (Kg m 2 s ' ) 
is the Darcian water flux (m 3 m 2 day) 
The lower boundary condition is a zero concentration gradient at the bottom of the 
flow domain. 
53 	Model Inputs 
In its standard form, the WAVE model requires four data files (Vanclooster et at., 
1994): 
CLIMDATA.IN: 	contains daily climatic data: precipitation, evapotranspiration 
and water applications (irrigation and leaching); 
GENDATA.IN 	contains general information: number of soil layers with 
different characteristics, number of soil compartment in each 
layer and the bulk density of each layer; 
SOLDATA.IN 	contains additional input for modelling solute transport in soil- 
plant system; 
WATDATA.IN 	contains input required for modelling soil water flow: moisture 
retention characteristics and hydraulic conductivity in each 
layer. 
A summary of particular data requirements is given in Table 5.1. 
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Table 5.1: WAVE model input parameters 
CLASS 	 'PARAMETERS AND INPUT VARIABLES 
Climatic 	 Precipitation, evapotranspiration, water applications 
Soil Hydraulics 	Saturated and residual volumetric moisture content, 
inverse air entry value, shape parameters required by 
van Genuchten equation, saturated hydraulic 
conductivity and fitting parameters of the hydraulic 
conductivity model. 
Plant water uptake 	Potential evapotranspiration, crop coefficient and 
pressure head values required for the water stress 
reduction function. 
Water bottom boundary Water flux or pressure head at the bottom of the soil 
profile. 
Water initial values 	Soil moisture content or pressure head. 
Soil solute transport 	Chemical diffusion coefficient of solute in pure water, 
soil hydrodynamic dispersivity, parameters relating soil 
chemical diffusion coefficient to diffusion in water, 
mobile water content ratio, mass transfer coefficient, 
bulk density and the fraction of the sorption site in the 
mobile soil region. 
Solute top boundary 	Application rate of the solutes. 
Crop growth 	 Number of seedling per area, leaf area development rate 
during plant juvenile stage, base temperature for juvenile 
growth, specific leaf area; maximum CO2 assimilation 
rate, initial light use efficiency, light extinction 
coefficient, light scattering coefficient, maintenance 
factor for storage organs, assimilation requirement for 
dry matter conversion to storage organs, initial leaf area, 
etc. 
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5.4 	The WAVE Model Interfaces and Utilities 
5.4.1 Introduction 
Mott MacDonald (2000b) developed a number of programs to operate with the 
WAVE model that permitted it to be used for multi-year simulations, and provided 
outputs that were more suitable for evaluating sustainable crop production under 
different water management strategies. They developed a crop yield response model 
to run with the output data on evapotranspiration and salinity produced by the 
WAVE model, and also developed a user interface that made the model easier to use, 
and errors in input data less likely. Graphical post-processing routines were also 
developed. In this section these interfaces and utilities are described. 
5.4.2 The C_YIELD Model 
The WAVE model is unable to quantify the impact of water supply, rootzone 
salinity, and root zone water logging on crop yield response, as it does not include 
any crop yield response function. The model was improved by linking a crop yield 
response function to it through a computer programme called C_YIELD. C_YIELD 
(Mott MacDonald, 2000b) was developed at the University of Edinburgh to read 
actual crop transpiration and soil salinity data from the WAVE model outputs and to 
calculate the impact of water shortage, root zone salinity and root zone water logging 
on crop yield response. It prepares a table of time series results, as well as summary 
results. 
The C YIELD program calculates the relative yield response to water stress, soil 
salinity and water logging in each growth stage using separate functions for each. 
The total relative yield is the product of the relative yields from the three functions. 
Many water production functions have been developed and used to predict crop yield 
response to water stress. C_YIELD uses the multiplicative function proposed by Rao 
et at., (1988). Discussion of yield response to water functions was presented in 
Chapter 3. 
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Under standard conditions, crop yield can be obtained at its potential level until some 
threshold electrical conductivity EC, (electrical conductivity of saturated soil 
extract) is reached. Threshold EC values vary with crop type and variety. Very 
few yield response to salinity models are described in literature. The yield response 
to salinity in the C_YIELD program is based on the approach presented by Maas and 
Hoffman (1977) in which the crop yield linearly decrease as the EC, value increase 
above the threshold soil electrical conductivity (A). The approach also requires the 
rate at which relative crop yield declines with increasing salinity (By ). 
The Maas and Hoffman approach is recommended in FAO Irrigation and Drainage 
Paper 56 (Allen et al., 1998), and was described in Chapter 2. The relationship 
between yield and salinity is shown in Figure 5.3 below: 
Mcimiim 
100% 
A 8 	Increasing Salinity 
Figure 5.3: Simple relationship between yield and salinity (Mass and 
Hoffman, 1977) 
The WAVE model produces an output file containing daily simulated soil salinity in 
each layer in mg/rn 2 . It was necessary to relate this to electrical conductivity EC, 
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the field programme carried out by Mott MacDonald, soil samples were taken 
regularly, and soil salinity (% dry solids) and electrical conductivity (dS / m) were 
measured for each sample. The following relationship between EC, and soil salinity 
% has been established by Mott MacDonald, (2003b): 
EC = 1640 * TDS + 4.2 5 	 (5-7) 
where, TDS 	is the percentage of salts in the soil (by weight). 
EC 	is the electrical conductivity of the soil extract (mS/rn) 
According to this relationship, cotton will be under salinity stress with a salt 
concentration of about 0.47 %. Figure 5.4 presents the relationship ECe and soil 
salinity. 
Relationship between ECe and Salinity of Soil 
1800 
Y 	1640x + 4.2524 
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% Salts in Soil 
Figure 5.4: Relationship between ECe and soil salinity (Mott 
MacDonald, 2003b) 
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Water logging occurs when the soil pores in the root zone are filled with water and 
the roots become asphyxiated. It can severely restrict crop growth; in extreme cases 
crops die due to lack of oxygen in the root system. C_YIELD uses a very simple 
relationship in which potential yield is reduced by the proportion of the rooting depth 
that is saturated. It is also multiplicative between time steps. 
The C_YIELD program requires two data files in addition to the files either used or 
created by WAVE. These are CROP_CHAR.DAT, which contains the crop 
characteristics, and SOIL STRUCT.DAT. The contents of these files are indicated 
in Tables 5.2 and 5.3 respectively. 
Table 5.2 Contents of the CROP_CHAR.DAT file 
Data line Description 
Cotton crop characteristics Single line title 
4 Number of growth stages for crop 
20,50,60,55 Length of each growth stage (days) 
0.20, 0.55, 0.45, 0.20 Yield response factor for each stage 
7.7, 5.2 ECe threshold value & the parameter (b) in equation 
(2-8). 
15,4, 1990 Planting date 
Table 5.3 Contents of SOIL_STRUCT.DAT 
Data line Description 
BirlikP3 Title line 
5, 100.0 No of soil layers and compartment size 
2, 2, 2, 4, 50 No of compartments per layer 
1640.0 	4.25 constants in the ECe - TDS relationship 
1.40, 1.68, 1.46, 1.46 Soil bulk density for each layer 
5.4.3 Pre-processing 
The WAVE model is limited to application to a single calendar year at a time. This is 
a significant limitation when evaluating the effect of irrigation and drainage 
management practices on salinity build up, where it can take many years for the 
effect of any particular water management practise to become apparent, or to 
significantly reduce crop yield. To address this limitation a number of computer 
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programs were written that permit it to be used in time series runs of up to 26 years 
(1990-2015). The storage levels and variable values from the end of one year's 
simulation are in effect input as starting conditions for the next year (Mott 
MacDonald, 2003d). 
The data input files WATDATA.IN, and SOLDATA.IN (described above in section 
5.3) need to be updated with configuration data for any particular model run. The 
GENDATA.[N and CLIMDATA.IIN files are configured for individual years and 
base files are created initially for each year of the run. Further data on crop 
characteristics (Kci.  factors, LAI values and rooting depths during the growing 
season) are contained crop files called COTTON CHAR.DAT and 
ALFALFA_CHAR.DAT. Appropriate values are copied from these files into the 
WATDATA.IN file (Mott MacDonald, 2003d). The file manipulations are managed 
through a series of DOS command files that are created at run time from the pre-
processing interface. 
Pre- and post-processing routines were developed that enable the WAVE model and 
C_YIELD to be from a Windows based menu system. This simpified operation of 
the model and made parameter modification much simpler and less error prone. 
Input data and parameters that are varied between model runs (irrigation and 
leaching applications, drainage conditions, soil and crop characteristics etc) are 
displayed through the interface and are stored in a data file with the extension CFG 
(for configuration). 
The data required by the WAVE model can be considered under three categories: 
soil data, groundwater data, and cropping and irrigation data. These are described 
below: 
i) 	Soil data 
Part of the soil data input screen is shown in Figure 5.5. 
. 	Rainfall and Climate data set. This includes daily potential evapotranspiration 
and precipitation. The pre-processor was set up with 13 years of historic data 
(1990 to 2002) from the Lenina weather station, which lies in the centre of the 
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project area and was considered to be a representative station for the WRMLP 
project area as a whole. The data sequence was simply repeated for the years 
2003 to 2015, which permitted the model to be run for 26 years (1990-2015). 
Soil type selection: The user can choose between up to four sets of different 
base soil data files (A, B, C or D). 
Average surface water salinity: This is the average annual salinity of water in 
the Doystik Canal, which provides the project area with water for irrigation. 
Monthly adjustments may be required to reflect the monthly variations in the 
irrigation water salinity. In South Kazakhstan, an average surface water salinity 
of 1000 mg /I has been used for the model runs. 
EC_FACTI and ECFACT2: These parameters are required to describe the 
relationship between the electrical conductivity of a saturated soil extract, EC', 
and soil salinity expressed as a percentage of dry solids. 
Soil layers: A maximum of 10 layers can be used in the model. 
Compartment size: The maximum total number of compartments that can be 
used is 100. For the purpose of this research, a compartment size of 100 mm has 
been used throughout. 
Salinity: Starting salinity values (% dry solids), as this unit is the common 
method of expressing soil salinity in Kazakhstan. Soil salinity data used in the 
model runs in this research were obtained from the data collection report (Mott 
MacDonald, 2003a) which presents field data collected at three pilot areas in the 
Makhtaaral region of South Kazakhstan. 
Bulk Density (tonnes /m 3 ). This parameter was provided by the data collection 
programme in WRMLIP for a number of sampling locations in each of the pilot 
areas. 
Dispersion Coefficient. This parameter controls the dispersion of solutes in the 
soil profile. 
Residual Soil Moisture. Is soil moisture content (%) at permanent wilting point. 
Saturated Soil Moisture. Is soil moisture content (%) at saturation, which has 
been taken as the measured porosity at all locations. 
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Alpha. Is a required parameter for the van Genuchten (1980) equation, used to 
model soil moisture retention curve. This parameter has been defined from 
analysis of field data in each pilot area (Mott MacDonald, 2002). It has a great 
effect on the simulated soil moisture content and can be refined for particular 
locations in the calibration processes. 
N and M. Are further parameters in the soil moisture retention equation and they 
also important for calibrating soil moisture content. 
Terminal Infiltration. (m / day). Is the terminal infiltration rate for the soil in a 
particular layer. Initial values were obtained from field measurements, but may 
be calibrated. 
Inf. P1 and Inf. P2. Are parameters required by the Gardener hydraulic 
conductivity model and must be calibrated. 
Description Soil  I GroundWaterCoppggation___________________ 
Rainfall and Climate Data Set 	Soil Type Selection 
1L;-- 
Average Surface Water Salinity (mg/1) 	 EC_FACT1 	EC_FACT2 
	
11000 	 ill640 	 [4.25 - 
Soil Layers 
Number 	 100 	Compartment sire (mm) 
Layer Nr of Compartmenhl  Salinity ( dry solid  Bulk Density (tonni  Dispersion Coeff. Resic #. 
1 	 0.41 	 1.14 	 77 	 15. 
2 2 	 0.5 1.6 77 15. 
3 	2 0.5 	 1.4 	 77 	 15. 
A 	
A A 	 n Ir I 	 7.7 
< 
	 I - 
Monthly adjustments to surface water salinity 
I 
Jan. iFeb. IMar. lApr. IMay Pun 1Jul. lAug. JSep. I0t INOV ID 
1. 	1. 	1. 	1. 	1. 	1. 	1. 	1. 	1. 	1. 
Figure 5.5: The data input I editing screen: Soil data 
ii) Groundwater data 
The groundwater data input screen is shown in Figure 5.6. 
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Starting Groundwater Depth (m). The depth to the water table at the start of 
the simulation. 
Level control. If the model is run with groundwater level control, then end of 
month groundwater levels must be specified for each month of the run. This 
option is used mainly for calibration purposes when observed groundwater levels 
are available. When level control is selected, the drainage flux rate parameter 
boxes are greyed out. 
Drainage flux rate parameters. Al and A2 can be used to calculate flux across 
the bottom boundary of the model as a function of groundwater level: 
Qb =A1 .e 	 (5-8) 
where, A1 and A, 	are the drainage parameters. 
0 	is the groundwater level (m) 
Desciptiun Soil 	GroundV1ter Lçropping jrrigation 
Starting Groundwater Depth (m) 	2.5 
Figure 5.6: The data input I editing screen: Groundwater data 
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iii) 	Crop and irrigation data 
The crop and irrigation data input screen is shown in Figure 5.7. 
Crop. The only crops available at present are cotton or alfalfa. 
Leaching Applications. The number, date (day/month) and depth (mm) of 
leaching applications are specified. 
Planting Date. Is the date (day/ month) of planting. 
Irrigation Applications. The number, date (day/ month) and depth of irrigation 
are specified. 
Description Soil 	I GroundWater Cropping -Irrigation  
Crop 	 Planting Date 15/04 
Leaching Applications 	 Irrigation Applications 
Number 	 Number 
Figure 5.7: The data input I editing screen: Crop and irrigation data 
5.4.4 Post-Processing 
Post processing routines for the model were developed to extract data from the 
WAVE model outputs and prepare tables of time series results in a file called 
WAVE_PLOT.OUT containing the following daily data: 
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Rainfall (mm) 
Irrigation (mm) 
Rootzone moisture content (%) 
Root depth (mm) 
Rootzone salinity (% dry solids) 
Potential evapotranspiration (mm) 
Actual evapotranspiration (mm) 
Cumulative evapotranspiration deficit (mm) 
Groundwater level (mm) 
Soil moisture by layer (%) 
Soil salinity by layer (% dry solids) 
Water flux at the bottom of the profile (mm) 
Solute flux at the bottom of the profile (mg m') 
C_YIELD produces from this a table of yield reductions due to water stress, salinity 
stress and water logging in a file called YIELD.OUT, which contains the following 
data: 
Stage of growth 
Crop reduction factor 
Actual crop evapotranspiration by stage 
Potential crop evapotranspiration by stage 
Yield response to water 
Yield response to salinity 
Yield response to water logging 
The overall crop yield 
The model interface provides a series of options in the view results screen. The view 
result screen is shown in Figure 5.8. Graphical presentations of the following are 
available: 
i) 	Salinity in the root zone 
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 Salinity by soil layer 
 Soil moisture in the root zone 
 Soil moisture by layer 
V) Depth to water table 
vi) ETc and ET, 
Graph Class 
' 	single year plots 
10 year time series plots 
multi-year plots on single 12 month axis 
Graph Type 
salinity in root zone 
salinity by soil layer 
soil moisture in root zone 
C 	soil moisture by soil layer 
fl depth to water table 











Draw 	 Cancel 
Figure 5.8: The view results screen 
5.5 	The Modified WAVE Model - WAVE_MS 
The WAVE model is capable of dealing with the effect of soil water stress on crop 
transpiration. Fernandez et al. (2002) and Meiresonne et al. (1999) report that in 
terms of crop transpiration, the approach adopted by the original model works well 
under water shortage conditions. However, it is not able to take into account the 
effect of salinity on potential evapotranspiration. This restricts WAVE model 
application in and and semi-arid conditions where water shortage and salinity are 
significant problems. Considering the effects of salinity is important, as the 
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combined effect of water and salinity stress reduces crop transpiration and result in 
yield reduction. The higher the water stress and salinity, the lower the crop 
transpiration and yield. Where salinity stress exists and crop transpiration is reduced 
as a result of this, there will be impacts on soil moisture storage also, and water stress 
may be lower than would occur in the absence of salinity stress. 
It was considered important that the WAVE model be improved to deal with the 
combined effect of soil water and salinity stress on crop transpiration. In order to 
achieve this, as part of this research the calculation of the actual crop transpiration 
(actual root water extraction rate) in the water transport module was modified to 
incorporate the effect of salinity on crop transpiration following the approach 
outlined in the FAQ Irrigation and Drainage Paper No. 56 (Allen et al., 1998). This 
included: 
modifications in the subroutine WAT UPT.FOR to calculate crop transpiration 
reduction factors. The steps required to achieve this were: 
(a) Converting soil salinity units from Mg/M2  to % by weight of dry solids: 
Salt Conc = (TCSOLO / (Bulk- Dens * 1 .0E6 * DX)) * (1.0 - KDS) * 100 	(5-9) 
where, 	Salt - Conc is the soil salinity (% dry solids), 
TCSOLO is the soil salinity (Mg/M2), 
Bulk - Dens is the soil bulk density (tonne / m 3 ), 
DX is the compartment size (mm), 
KDS is the linear distribution parameter. 
Converting soil salinity units from % by weight of dry solids to electrical 
conductivity (inS / m) according to equation (5 - 7). 
Incorporating the FAQ approach (Allen et al., 1998): 
ETC. = K.K( .ET, 
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where, 
EC, 	is the mean electrical conductivity of the saturation extract for 
the root zone (dS m 1 ) 
ECeII? ,.es/loI( I 	is the electrical conductivity of the saturation extract when 
yield starts to become affected by salinity 
K31 	 is a yield response factor 
b 	 is the reduction in yield per increase in EC, (% /(dS in')) 
The source code of the subroutine in which the actual crop transpiration 
functions were modified by incorporating the affect of salinity on crop 
transpiration is given in Appendix A. 
. creating a new input file for the parameters required by the new concepts 
incorporated; 
. modifications in the water balance module to incorporate a new subroutine 
(CROP_CHAR.FOR) to read the additional input data. The source code for the 
new subroutine is given in Appendix B. 
The additional input parameters required for the calculation of the salinity reduction 
factor are: 
the electrical conductivity threshold value above which crop yield starts to 
become affected by salinity; 
yield response factors for the different growth stages; 
the reduction in yield per increase in the electrical conductivity of the soil extract. 
The CROP_CHAR.DAT file is used by the WAVE—MS model to provide the above 
parameters. 
There were no field data on actual crop transpiration from the WRMLIP project that 
would permit direct evaluation of the new functions in WAVE—MS. In addition, no 
experimental data on crop transpiration under soil water and salinity stress could be 
found in the literature with which to evaluate the performance of WAVE—MS. 
Qualitative evaluation of the revised model could only be made by comparing results 
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produced by WAVE MS with those produced by the original model. Actual crop 
transpiration computed using the WAVE _MS model should be lower than computed 
using the original version of WAVE when the EC, exceeds the threshold value. This 
in turn affects the simulated soil moisture in the rootzone as well as simulated 
groundwater level, which should be higher than those simulated by the original 
model. 
In order to test the modifications, 11-year simulation runs were carried out with the 
original and modified versions of the model. A cotton crop was used, with 
inadequate irrigation and drainage. The model was set up with three irrigation 
applications of 100 mm each in May, June and July, and two leaching applications of 
100 mm each in January and February. The irrigation and leaching water were 
assumed to have a solute concentration of 1360 mg/i. There was no groundwater or 
solute flux out of the lower boundary of the model by deep percolation. The salinity 
build up was quite dramatic over the simulation period (1990-2000) but it did not 
exceed the threshold value (7.7 dS/m for cotton) for the first five years of 
simulation (1990-1994). As a result, actual daily cotton transpiration as simulated 
using WAVE_MS and WAVE was exactly the same for this period (Figure 5.9). 
The daily ET, simulated using WAVE—MS was lower than the ET simulated using 
the original model for the period 1995-2000 because the soil salinity exceeded the 
threshold value in this period. 	Figure 5.10 shows the reduction in cotton 
transpiration due to salinity stress for the 1999 calendar year. The time series of 
annual cotton transpiration simulated using both versions is shown in Figure 5.11. 
Clearly the cumulative salinity build up is influencing actual evapotranspiration. 
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Figure 5.9: Modelled cotton ET using original and modified WAVE 
model versions (1990-1994) 
Modelled cotton ET for the year 1999 as simulated using original and 
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Figure 5.10: Modelled cotton ET using original and modified WAVE 
model versions (1999) 
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Seasonal cotton transpiration as simulated using original and 
modified WAVE model versions 
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Figure 5.11: Seasonal cotton transpiration using original and modified 
WAVE model versions (1990-2000) 
With a reduction in simulated actual evapotranspiration, root zone soil moisture 
content simulated by the WAVE—MS model was higher than that simulated using the 
original version. The difference in the root zone soil moisture between the two 
versions increased as the effect of salinity on transpiration in the modified version 
increased. For the period 1990-1994 there was no difference in root zone soil 
moisture between the two versions (Figure 5.12). Figure 5.13 shows simulated soil 
moisture for the 1995-2000 period. 
Simulated groundwater levels are also affected by changes in actual 
evapotranspiration. With reduced evapotranspiration there is increased groundwater 
recharge and higher groundwater levels. Figure 5.14 shows groundwater depths 
simulated with both versions of the model. Higher groundwater levels (lower depth 
to water table) result in the 1995-2000 period. 
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Rootzone soil moisture as simulated using original and modified WAVE 
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Figure 5.12: Soil moisture content in the rootzone using original and 
modified WAVE model versions (1990-1994) 
Rootzone soil moisture as simulated using original and modified WAVE 
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Figure 5.13: Soil moisture content in the rootzone using original and 
modified WAVE model versions (1995-2000) 
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Depth to groundwater as simulated using original and modified WAVE 
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Figure 5.14: Groundwater depth using original and modified WAVE 
model versions (1995-2000) 
These test results verify that the WAVE—MS model is capable of dealing with the 
combined effects of water and salinity stress. The results produced were satisfactory 
and as would have been expected. Full verification of the modified model would 
require experimental lysimeter data that were not available for this research. An 
impact of incorporating salinity stress is that water stress is reduced, as actual 
evapotranspiration is reduced through salinity stress. 
As mentioned in section 5.4.1 above, the WAVE model calculates crop yield based 
on a yield reduction factor that represents a proportion of maximum yield. The final 
yield reduction factor is based on the product of three separate yield reduction 
factors, those due to waterlogging, water stress, and salinity stress. In the 
WAVE_MS model, the potential evapotranspiration is reduced to a lower level when 
soil salinity in the rootzone exceeds certain value. This is not considered in the 
WAVE model. A comparison of the crop yield response produced from WAVE_MS 
and from WAVE results is presented in Table 5.4. The relative influence of soil 
salinity on crop yield over 11 years simulation period using both WAVE and 
WAVE—MS shows that crop yield as simulated using both versions was exactly the 
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same for the period 1990-1994 as soil salinity did not exceed the threshold value 
because crop evapotranspiration remains the same over this period. Crop yield 
simulated using WAVE_MS starts to decrease below that simulated using WAVE for 
the period 1995-2000 because the soil salinity exceeds the threshold value above 
which the evapotranspiration decreases below its potential value. 
Table 5.4: Simulated cotton yield using original and revised WAVE 
model versions 
Year WAVE WAVE—MS 
1990 0.94 0.94 
1991 0.91 0.91 
1992 0.90 0.90 
1993 0.91 0.91 
1994 0.91 0.91 
1995 0.84 0.82 
1996 0.81 0.79 
1997 0.80 0.73 
1998 0.85 0.72 
1999 0.80 0.71 
2000 0.67 0.62 
5.6 Conclusions 
In this chapter the theory behind the WAVE model has been described. As part of 
this research, the model has been modified by incorporating the effect of salinity in 
addition to the effect of water stress on crop transpiration. The new version of the 
model is called WAVE—MS. The modifications have been successful. The crop 
transpiration calculated by the revised model was lower than that calculated using the 
original version once soil salinity exceeded the threshold value for salinity stress. 
The root zone soil moisture and the ground water level were higher with the revised 
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model because of the decrease in the crop transpiration. Full verification against 
experimental results has not been possible, however. 
Crop yield is also affected by the modifications in WAVE—MS. Crop yields 
simulated by WAVE_MS were lower than those simulated using the original version, 
once soil salinity exceeded the threshold value. The decrease in the crop transpiration 
due to salinity stress simulated using WAVE_MS resulted in further yield reduction. 
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CHAPTER 6 
WAVE Model Set-up and Calibration 
61 Introduction 
The ability of any mathematical model to produce reliable output depends on the 
availability of reliable input data, as well as the accuracy of the model in representing 
the physical processes of the prototype. In most systems being modelled there are 
process representations that cannot be adequately parameterised by field 
measurement alone, perhaps because of high spatial variability. Because of this, 
most models require calibration. Calibration is the process through which model 
parameters are modified to enable the model to closely match the field observations 
(Gupta et at., 1998). In the WAVE model, the parameters are those required by the 
van Genuchten equation (van Genuchten, 1980):- saturated and residual soil moisture 
content (O and Or),  the inverse of the air entry value (a), the shape parameters (n 
and rn). For salinity modelling the solute distribution constant (Kd)  requires 
calibration. 
Field determination of these parameters is very difficult and values may vary widely 
between relatively close locations. These variations can be very wide and limit the 
direct use of measured properties (Smets et at., 1997). Trial and error procedures can 
be used, however, to refine parameter values to those that yield optimum simulation 
of soil moisture and salinity. This is the calibration approach adopted here. 
The WAVE—MS model has been calibrated using the field data collected under the 
WRMLIP project. This chapter describes the WAVE—MS model set-up and presents 
the calibration processes and results. It also provides an evaluation of the calibration 
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results, an assessment of the model performance and of its potential in establishing 
efficient water and drainage management strategies. 
Following this introduction, sections 6.2 and 6.3 describe the field data collected on 
soil, irrigation, agronomy and meteorology. Section 6.4 discusses the values of 
model parameters adopted for the WAVE—MS modelling in this research. Section 6.5 
describes the WAVE—MS model calibration, provides an assessment of the calibrated 
model performance, and of its potential in establishing efficient water and drainage 
management strategies. Concluding remarks are presented in section 6.6. 
6.2 Field Data 
Mott MacDonald (2003a) have presented field data collected at three pilot areas in 
the Makhtaaral region of South Kazakhstan. The programme commenced in October 
2000. The objective of the data collection programme was to collect the data 
necessary to calibrate the mathematical models of the irrigation system being 
developed by the WRMLIP project. In particular the data were required for the 
WAVE model, which was a part of the On Farm Water Distribution Model 
(OFWDM) (Mott MacDonald, 2000b). 
The following data were collected during 2001 at each pilot area (Mott MacDonald, 
2002): 
Daily meteorological data for the Lenina weather station, including rainfall, daily 
air temperature and relative humidity data. There were no sunshine or wind speed 
data reported in the 2001 data collection programme. 
Physical soil characteristics (size distribution, bulk density, porosity, infiltration, 
field capacity, wilting point etc.). Soil characteristics have been observed at a 
number of locations in each of the pilot areas, with sampling at different depths 
from the surface to a depth of 3 in. 
Time series of soil moisture characteristics with depth based on laboratory 
analysis of soil samples collected. 
Chemical composition of irrigation water, soils, groundwater and drainage water. 
Time series of groundwater levels. 
122 
THE WAVE MODEL SET-UP AND CALIBRATION 
Leaching and irrigation water applications, timing and field distribution. 
Crop characteristics for cotton, including planting dates, development stages, 
rooting depths and yields. 
An evaluation of water and salt balances in the pilot areas during 2001. 
The field data collection programme in 2001 provided infiltration characteristics at 
different depths as well as definition of permanent wilting point and saturated 
moisture content at different depths. These data were obtained by laboratory analysis 
of soil samples taken at 200 mm depth intervals from the three pilot areas, with 9 
sampling locations in each pilot area. The WAVE—MS model was set-up for each 
location using the terminal infiltration rate and soil properties for the sampling point 
closest to that location as model input. There were no measurements of soil moisture 
tension data during the 2001 collection programme. The pilot areas were Birlik, 
Karaoi and Makhtali. The locations of the pilot areas are shown in Figure 6.1. 
Figures 6.2, 6.3 and 6.4 show the sampling locations in each of the pilot areas for the 
2001 data collection programme. 
In 2002, automatic soil monitoring equipment was installed in the pilot areas and 
fieldwork carried out between February and November. The monitoring programme 
with the automatic equipment allowed both continuous and discrete observations. 
The equipment installed and the parameters measured are summarised in Table 6.1. 
Figures 6.5, 6.6 and 6.7 show the locations of equipment at the Birlik, Makhtali and 
Karaoi pilot areas for the 2002 programme. Soil moisture tension data was measured 
using permanent Watermark sensors and gypsum blocks. The permanent Watermark 
sensors were installed at the centre of each pilot area to provide measurements at 
depths of 300 mm and 1000 mm, at every site, and additional measurements at 2500 
mm at Makhtali, 2000 mm at Birlik and 3000 mm at Karaoi. The gypsum Blocks 
were installed at Makhtali (location P9) and Karaoi (location P6) at depths of 300 
mm, 600 mm, 1000 mm, and 1500 mm (Mott MacDonald, 2003b). However, no 
soil moisture tension data were available for Birlik sites P3 and P12. The observed 
soil moisture tension data collected from the central site of Birlik were used in the 
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Figure 6.1: Pilot area locations (Mott MacDonald, 2003a) 
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Figure 6.2: Sampling locations at Birlik (Mott MacDonald, 2002) 
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Figure 6.4: Sampling locations at Karaoi (Mott MacDonald, 2002) 
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Table 6.1: Soil monitoring equipment used 
Name 	 Parameter measured 	Measurement range 
Equitensiometer EQ2 Soil moisture tension 
Watermark sensor Soil moisture tension 
WMSM 
Gypsum block GYP1 Soil moisture tension 
Diviner 2000 Soil moisture in a profile; 
portable meter can be used on 
a large number of sites 
EnviroScan Soil moisture at particular 
depths in a soil profile; 
equipment fixed and gives 
continuous readings 
Sigma probe EC  Soil salinity 
-100 to -1000 kPa 
0 to -200 kPa 
-50 to -1500 kPa 
% moisture by volume 
% moisture by volume 
0 to 1000 mS/m 
Temperature meter TM 	Soil temperature 	 -20°C to +80°C 
Source: Mott MacDonald (2003b) 
Soil moisture was measured at a large number of sites in each pilot area using the 
Diviner probe, which is portable and permits a soil moisture profile to be observed. 
Soil moisture was also measured at three depths (300, 600 and 1000 mm) at the 
centre of each pilot area using the EnviroScan sensor. This equipment was fixed and 
perrnited continuous measurements. A considerable number of dual measurements of 
soil moisture by Diviner probe and gravimetric laboratory analysis were carried out 
in each pilot area. However, the evaluation of the soil monitoring equipment results 
highlighted certain problems associated with the data obtained from both the soil 
monitoring equipment and from gravimetric soil moisture analysis. Significant 
variations were found between the data measured by each of the methods. 
The 2002 field data collection programme also provided soil electrical conductivity 
measurements using a Sigma Probe. A problem associated with this instrument was 
that, it was unable to produce reliable measurements of conductivity in the very dry 
soil samples for the top 200 mm of soil (Mott MacDonald, 2003b). 
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- Irrigation canal 
- Boundary 
- Vertical drainage well 
	
ED 	- Permanent sensors EnviroSCAN 
022 	- Number of profile for the portable probe Diviner 
- Gypsum blocks DL2e 
109 	- Sensor WMK DL2e 
Figure 6.5: Location of equipment at Birlik (Mott MacDonald, 2003b) 
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Figure 6.6: Location of equipment at Makhtali (Mott MacDonald, 2003b) 
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Figure 67 Location of equipment at Karaoi (Mott MacDonald, 2003b) 
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6.3 	Data Available 
6.3.1 Meteorological Data 
The climate of South Kazakhstan is continental. The semi-arid steppes are 
characterised by extremely low rain, hot summers and cold winters. Climatic data 
were available from the Lenina weather station for the period 1990-2001. Lenina 
lies in the centre of the project area and is representative of the area (Mott 
MacDonald, 2000b). The WAVE model requires daily rainfall and reference crop 
evapotranspiration data as primary input. 
The coldest month is January in which the mean daily air temperature is about - 
2.0°C. The hottest month is July with an average of 27.9'C. Mean monthly air 
temperatures are indicated in Figure 6.8. The climatic conditions limit the growing 
season to between April and October, although rainfall in this period is insufficient to 
meet the water requirements of most crops. The annual rainfall averages 310 mm 
and this falls mainly in winter and spring. Figure 6.9 shows mean monthly rainfalls. 
The average monthly wind speed ranges from 1.2 in / s (103 Km / day) to 2.0 m / s 
(172 km/day) and the area classified as a zone of light winds (less than 175 
Km/day, WUFMAS, 1999). Figure 6.10 indicates that the windiest period 
generally is from January to May with wind speed around 2.0 rn/s (172 Km/day). 
The highest relative humidity is recorded in January, February and December at 
83%, 80% and 80% respectively. Lowest values of relative humidity of 45% and 
46% occur in June and July respectively. Mean monthly relative humidity is shown 
in Figure 6.11. 
Mean monthly reference crop evapotranspiration, ET, was determined for Lenina 
by Mott MacDonald (2000b) and is shown in Figure 6.12. Potential 
evapotranspiration reaches its highest value of 6.9 mm / day in June. The lowest 
average evapotranspiration values of 0.67 mm/day and 0.65 mm/day occur in 
January and December respectively. 
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Figure 6.8: Mean monthly air temperature 
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Figure 6.9: Mean monthly rainfall 
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Figure 6.10: Mean monthly wind speed 
Figure 6.11: Mean monthly relative humidity 
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Figure 6.12: Mean daily reference crop evapotranspiration 
6.3.2 Soil characteristics 
The WRMJJP field data collection programme provided both soil physical and 
chemical property data. These included porosity, soil texture, bulk density, saturated 
permeability, field capacity, permanent wilting point, and soil salinity. 
Table 6.2 presents average soil physical properties for the three pilot areas. The 
organic matter content in the project area was very low at 1.0%-1.5%. According to 
the Kachinsky classification criteria (WTJFMAS, 1999), the upper soil layers, mostly 
to 1-meter depth are classified as medium loam whereas light loam is the most 
common classification in the lower 2 meters of the soil profile. The average values 
of bulk density over all the soil layers are in the range from 1.42-1.67 g/crn 3 , 1.41-
1.7 g/cm3 and 1.41-1.56 g/cm 3 in the Makhtali, Birlik and Karaoi pilot areas 
respectively. Higher bulk density values were identified in the ploughpan layer 20-
40 cm. The average porosity values ranged from 36.5%46.2%, 37.5%-47.2% and 
43.0%47.2% in the Makhtali, Birlik and Karaoi pilot areas respectively. No 
significant variations in the soil porosity were identified between the three pilot 
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areas. Soil is classified as dense (compact) when the total porosity is below 10%, 
moderately porous when it ranges between 10% and 25%, porous when it ranges 
between 25% and 40% and extremely porous when its porosity over 40% (Pagliai et 
al., 2003). Accordingly, the soil of the study area can be considered as extremely 
porous in most depths. According to the field capacity and wilting point values 
presented, the average available water content (A WC) were 66, 62, and 53 mm of 
water per metre of soil profile for Makhtali, Birlik and Karaoi respectively. 
The WRMLIP data collection report provided soil salinity data at different depths for 
each pilot area in terms of total soluble salts (TSS) along with the ionic balances in 
% of salts by weight of dry soil. Local classification of salinity is based on the 
percentage of salts by weight in an aqueous extract of soil and on chloride 
concentration, whereas the International classification of salinity is based on the 
electrical conductivity (EC) of a saturation extract of the soil (WUFMAS, 1999). 
There were no electrical conductivity measurements available in the years 2000 and 
2001. However, a relationship was established between percentages of total soluble 
salts (TSS) and electrical conductivity (EC) (Mott MacDonald, 2003b) on the basis 
of EC measurements in 2003. This relationship was presented in Chapter 5. 
Table 6.3 presents average chemical properties of the soils in the pilot areas at the 
start of the data collection programme, based on 2000 and 2001 data. The average 
values of TSS for each layer were used as initial values for WAVE—MS. According 
to the local classification, soils in Makhtali and Birlik is classified as highly saline in 
the upper soil layers to moderately saline in the bottom layers below the rootzone. 
Soils are classified as non-saline in the Karaoi area. On the basis of the international 
classification system (WTJFMAS, 1999), the majority of layers in Makhtali and 
Birlik tend to be classified as highly saline, and in Karaoi are classified as slightly 
saline instead of non-saline with the local classification. Soil salinity in Makhtali 
and Birlik is above the threshold value for damage to most crops based on the criteria 
described in the FAQ Irrigation and Drainage Paper 56 (Allen et al, 1998). 
However, it is still below the threshold value in Karaoi. 
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Soil salinity has significantly increased in the WRMLIP project area since 1990 
(Figures 6.13 and 6.14). There has been a significant increase in the area classified as 
moderately saline. The total area classified, as moderately saline in 1990 was 4495 
hectare (21% of the Phase I area) and 6123 hectare (29% of the Phase II area) in the 
Phase I and Phase II areas respectively. Within a 9 year period, these areas had 
increased to be 9644 hectare (45% of the Phase I area) and 10334 hectare (49% of 
the Phase II area) in the same phases respectively (Mott MacDonald, 2004). The 
average rate of increase has been 2.4% and 2.0% per year respectively. 
6.3.3 Crop Characteristics 
As mentioned earlier in Chapter 5, the WAVE model requires a number of crop 
characteristics, including crop coefficients (Kr),  rooting depths and leaf area index 
(LAI) at various stages of growth. Data on cotton stages of growth were collected 
during the 2001 field data collection programme. The length of cotton growth stages 
and the values of KC  used during the modelling are presented in Table 6.4. 
The data collection report (Mott MacDonald, 2003a) also provides root depth and 
distribution data in each of the pilot areas, measured during 2001. These data were 
used as input in the WAVE—MS model. These data are presented in Table 6.5. 
Leaf area indices are used in the WAVE model to partition evapotranspiration into 
evaporation and transpiration. These data were not collected during 2001 for the pilot 
areas. 	leaf areas used in modelling are presented in Table 6.6. 
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Table 6.2: Average values of some soil physical characteristics in 
study locations 
Pilot Area 	Layer Soil Class - Bd g / cm °FC 0 1 Porosity 
(CM)  (%) 
0-20 Medium loam 1.42 21.1 12.7 46.2 
Makhtah 	
20-40 Medium loam 1.67 17.4 12.7 36.5 
40-60 Medium loam 1.54 18.0 13.0 41.3 
60-80 Medium loam 1.48 19.2 12.7 42.9 
80-100 Medium loam 1.47 20.2 13.3 44.4 
100-150 Light loam 1.48 20.4 - 44.6 
150-200 Light loam 1.49 20.3 - 44.8 
200-250 Light loam 1.48 - - 45.0 
250-300 Light loam 1.49 - - 44.1 
0-20 Heavy loam 1.45 18.7 13.7 47.2 
Birlik 	20-40 Medium loam 1.70 17.5 13.8 37.5 
40-60 Medium loam 1.50 18.1 13.8 45.0 
60-80 Medium loam 1.42 19.5 14.0 46.7 
80-100 Medium loam 1.41 20.8 13.9 46.8 
100-150 Medium loam 1.41 22.3 - 46.6 
150-200 Light loam 1.47 23.0 - 45.0 
200-250 Light loam 1.50 - - 43.6 
250-300 Light loam 1.50 - - 43.3 
0-20 Medium loam 1.41 18.4 13.4 46.5 
Karaoi 	20-40 Medium loam 1.56 17.8 13.5 43.0 
40-60 Medium loam 1.47 17.8 13.1 44.6 
60-80 Medium loam 1.42 18.1 12.6 47.2 
80-100 Light loam 1.43 18.9 12.4 47.2 
100-150 Light loam 1.43 18.5 - 46.8 
150-200 Light loam 1.43 18.6 - 45.5 
200-250 Light loam 1.46 - - 44.7 
250-300 Light loam 1.45 - - 44.9 
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Table 6.3: Average values of some soil chemical characteristics in 
study locations 
Pilot Area 	Layer 
(cm) 	TSS 	 Anion 	 Cation 
(%) HCO3 C1 SO4 	Ca Mg Na 
0-20 0.84 0.022 0.149 0.422 0.069 0.054 0.126 
Makhtali 20-40 0.95 0.019 0.131 0.519 0.089 0.058 0.130 
40-60 0.90 0.017 0.127 0.500 0.056 0.069 0.133 
60-80 0.69 0.018 0.102 0.373 0.053 0.052 0.094 
80-100 0.57 0.020 0.075 0.314 0.028 0.045 0.089 
100-150 0.38 0.018 0.018 0.240 0.054 0.022 0.029 
150-200 0.39 0.019 0.027 0.235 0.033 0.032 0.039 
200-250 0.40 0.017 0.026 0.245 0.062 0.018 0.034 
250-300 0.52 0.018 0.023 0.336 0.062 0.039 0.037 
0-20 0.86 0.021 0.096 0.501 0.050 0.068 0.124 
Birlik 	20-40 0.85 0.018 0.071 0.520 0.300 0.048 0.100 
40-60 0.62 0.019 0.073 0.348 0.032 0.047 0.097 
60-80 0.55 0.018 0.080 0.292 0.036 0.034 0.091 
80-100 0.51 0.018 0.074 0.268 0.023 0.036 0.088 
100-150 0.49 0.020 0.049 0.277 0.053 0.029 0.057 
150-200 0.47 0.017 0.047 0.281 0.029 0.044 0.055 
200-250 0.46 0.017 0.041 0.273 0.062 0.025 0.046 
250-300 0.49 0.017 0.032 0.309 0.035 0.046 0.047 
0-20 0.08 0.027 0.008 0.026 0.008 0.006 0.007 
Karaoi 	20-40 0.13 0.026 0.008 0.063 0.020 0.007 0.008 
40-60 0.19 0.022 0.008 0.105 0.030 0.010 0.010 
60-80 0.16 0.023 0.009 0.083 0.023 0.010 0.008 
80-100 0.15 0.022 0.009 0.077 0.019 0.011 0.009 
100-150 0.14 0.023 0.010 0.066 0.017 0.009 0.011 
150-200 0.11 0.022 0.008 0.047 0.009 0.008 0.019 
200-250 0.19 0.023 0.012 0.095 0.026 0.011 0.010 
250-300 0.32 0.026 0.014 0.150 0.103 0.011 0.011 
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Table 6.4: Growth stages for cotton in pilot Areas 
Stage of growth 	Kc 	Dates of Stage (and length in days) 
Makhtali Birlik Karaoi 
Planting 0.4 17/4 1/5 14/4 
End Initial stage 0.4 19/5 (32) 31/5 (30) 18/5 
End development 1.15 29/6(41) 10/7(37) 27/6(40) 
End mid stage 1.15 19/08 (52) 1/09 (52) 17/08 (50) 
End late stage 0.6 15/10(56) 15/10(45) 15/10(58) 
Source: Mott MacDonald, (2002) 
Table 6.5: Crop root development in each pilot Area 
Makhtali 	 Birlik 	- Karaoi 
Date Depth Date Depth Date Depth 
(mm) (mm) (mm) 
29/5 400 9/6 200 27/5 600 
29/6 600 10/7 600 27/6 1400 
21/7 1400 3/8 1000 15/7 2200 
14/8 2000 27/8 1600 12/8 2800 
15/10 2400 15/10 1800 15/10 3000 
Source: Mott MacDonald, (2002) 
Table 6.6: Leaf area indices used in WAVE Modelling 






Source: Mott MacDonald, (2002) 
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The yield response to water and salinity functions in the C YIELD programme 
require the following data in addition to the data collected and used in the 
WAVE_MS model: 
Crop yield response factors required by Rao function (Rao et al., 1988) to model 
crop yield response to water. In this research the C_YIELD model was set-up 
using crop yield response factors for each stage of growth published in 
Doorenbos and Kassam (1979). The values used for cotton were 0.20, 0.5, 0.45 
and 0.25 for vegetative, flowering, yield formation and ripening growth stages 
respectively. 
Soil salinity threshold value, which is required to model yield response to 
salinity. For cotton, the value of the threshold salinity adopted was 7.7 dS / m, 
(Allen et al., 1998). 
The rate, at which relative crop yield declines with increasing salinity, which is 
also required for salinity modelling. The model was set-up with value of 5.2 
(Allen et al., 1998). 
6.3.4 Recent Irrigation Practices 
Leaching water depths, dates of application and salinities in 2001 are presented in 
Table 6.7. Tables 6.8 and 6.9 show depths, dates and salinities of the irrigation water 
application. In 2001, irrigation water was applied only twice during the growth 
period between mid April and October. However, water was applied only once at 
Makhtali location P15, and at Birlik P3 and P12. Water application in Makhtali and 
Birlik was not uniform in either leaching or irrigation and varied across the pilot 
areas. 
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Table 6.7: Leaching applications at modelled locations within the 
project area, 2001 
Location 	 Dates 	 Leaching 	Water Salinity 
Depth (mm) (gil) 
Makhtali, location P3 11 Mar -13 Mar 60 0.8 
Makhtali, location P9 11 Mar -  13 Mar 60 0.8 
Makhtali, location P15 6 Mar— 7 Mar 147 0.8 
Birlik, location P3 26b Jan —2 Feb 184 0.8 
Birlik, location P12 8 Mar-11 Mar 251 0.8 
Karaoi, location P3 9 Mar-15 Mar 156 0.792 
Karaoi, location P6 9 Mar— 15 Mar 156 0.792 
Table 6.8: 	First Irrigation applications at modelled locations within 
the project area, 2001 
Location 	 Dates 	Irrigation 	Water Salinity 
Depth (mm) (gil) 
Makhtali, location P3 4 Jul - 5 Jul 65 1.436 
Makhtah, ocation P9 4 Jul - 5 Jul 65 1.436 
Makhtali, location P15 24 Jun-25 Jun 86 1.436 
Birlik, location P3 1 Aug - 2 Aug 33 1.2 
Birlik, location P12 2 Aug - 3 Aug 65 1.2 
Karaoi, location P3 28 May - 5 Jun 92 1.046 
Karaoi, location P6 28 May - 5 Jun 92 1.046 
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Table 69: 	Second Irrigation applications at modelled locations within 
the project area, 2001 
Location Dates Irrigation Water Salinity 
Depth (mm) (gil) 
Makhtali, location P3 18 Aug -20 Aug 70 1.214 
Malchtali, location P9 8 Aug - 20 Aug 70 1.214 
Makhtali, location P15 - - - 
Birlik, location P3 - - - 
Birlik, location P12 - - - 
Karaoi, location P3 15 Jul - 18 Jul 43 1.128 
Karaoi, location P6 15 Jul - 18 Jul 43 1.128 
6.4 WAVE Model Parameterisation 
This section discusses the values of model parameters adopted for the WAVE_MS 
modelling in this research. 
6.4.1 Water Transport Parameters 
As outlined in Chapter 5, the water transport module requires soil moisture retention 
and hydraulic conductivity parameters to be specified for each soil layer. These 
parameters are required by the van Genuchten (1980) equation. The WAVE model 
was set-up initially with soil hydraulic parameters derived from the field 
observations of soil moisture content and soil moisture tension. From the observed 
data, soil moisture content and soil moisture tension relationships were developed at 
each of pilot areas. As an example, Figures 6.15 presents a typical fitted soil moisture 
retention curves for Karaoi. The fitted soil moisture retention parameters were used 
as initial values in the calibration of soil moisture content and were expected to 
require further adjustments. Fitting of the soil moisture retention curves is presented 
in section 6.5.3. 
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Table 6.10 presents the critical pressure head values used to model the effect of water 
stress on crop transpiration according to the function proposed by Feddes et al., 
(1978). These values were based on the values recommended in the WAVE reference 
manual (Vanclooster et al., 1994). 
Crop coefficients and leaf area indices values used for the WAVE—MS modelling are 
presented in Table 6.6. 
The top boundary condition is determined by the allowable minimum pressure head 
at the soil surface and the maximum ponding depth. A maximum ponding depth of 
10 mm has been used. When the maximum is reached, the excess water runs off. The 
lower boundary condition was specified by the observed groundwater level, for 
calibration purposes. 
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Figure 6.15: Fitted soil moisture retention curves, Karaoi area. 
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Table 6.10: Critical pressure head values used in WAVE modelling 
Parameter Description 	 Value 
/70 	The pressure head below which the plant roots start to -10 
extract water from the soil 
h 	The pressure head below which the roots start to extract -46 
water optimally from the soil 
h, 	The pressure head below which the roots can no longer -500 
extract water optimally 
h, 	The pressure dead at which the water uptake by plant roots -16000 
ceases 
6.4.2 Solute Transport Parameters 
There are several parameters that need to be specified for use in the solute transport 
module. Table 6.11 lists the model parameters used along with the values adopted. 
Table 6.11: Solute transport parameters used in WAVE modelling 
Parameter Description Value 
Dif Chemical diffusion coefficient of the considered solute in 0.01 
pure water (mm' day) 
aA Empirical constant used in the calculation of the effective 0.075 
diffusion coefficient 
b1 . Empirical constant used in the calculation of the effective 10 
diffusion coefficient 
Fraction of the adsorption sites situated in contact with the 1 
region 
K(/ Distribution coefficient (Litres Kg) 
A The soil solute dispersivity (mm) 77 
Empirical transfer coefficient (day-') 0.01 
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The a/i., b and I values are based on the values recommended in the WAVE 
reference manual (Vanclooster et al., 1994). Most other values are based on field 
data. f, and a are required when the mobile/immobile concept is considered. 
6.5 WAVE—MS Model Calibration 
6.5.1 General 
Mott MacDonlad reported on preliminary WAVE model calibration on the 2001 field 
data (Mott MacDonald, 2002). Although this was restricted by the lack of soil 
tension data, they considered that the calibration results obtained were very 
encouraging. More refined calibration was carried out when the 2002 field data 
became available (Mott MacDonald, 2003c). The calibration carried out by Mott 
MacDonald was using the original form of the WAVE model. This section presents 
calibration of the WAVE—MS model. 
The WAVE—MS model was set-up and calibrated using the field data from October 
2000 to October 2002. Calibration was based on simulation of soil moisture content, 
and soil moisture tension (which was available for 2002 only), and soil salinity. 
Figure 6.16 provides an overview of the WAVE—MS model set-up and calibration. 
6.5.2 Methods of Establishing Simulation Quality 
To assess the simulation quality and subsequently the calibrated model performance, 
some statistical tests (Loague and Green, 1991; Vazquez and Feyen, 2003; Xevi et 
al., 1996; Legates and McCabe, 1999) were used. A complete evaluation of model 
performance should include at least one "goodness-of-fit" or relative error measure 
and at least one absolute error measure with additional comparison parameters such 
as simulated and observed mean and standard deviation (Legates and McCabe, 
1999). The statistical measures used in evaluating simulation quality, are mentioned 
below. 
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Field Data Collection and 
Analysis 
Soil Data I 	I Crop Data 
	
Climatic Data 




WAVE MS Model Set-up 
Adjust van Genuchten 
Parameters 
Adjust van Genuchten 
Parameters 
WAVE MS Soil 
Moisture Calibration 
Soil Moisture Retention 
Curve Check 
Adjust van Genuchten 	 Soil Moisture Tension 
Parameters 	 Calibration 
Adjust Distribution 	 Soil Salinity 
coefficient (K(/ ) Calibration 
Figure 6.16: 	Schematic representation of the WAVE model 
calibration procedure 
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Mean Absolute Error (MAE) 
The mean absolute error describes the differences between the model simulation and 





Optimum value = 0.0 (0.0 :!~ MAE) 
(6-1) 
	
Where, Pi 	 is the ith simulated value; 
O 	 is the ith observed value; 
n 	 is the number of observations. 
b) 	Relative Root Mean Square Error (RRMsE) 
The relative root mean square RRMSE can be used as an indicator to examine the 




Where, 0 	 is the average of the observed values. 
Optimum value = 0.0 (0.0 RRMSE) 
C) 	Coefficient of Efficiency (Er,) 
The coefficient of efficiency EF2 has been widely used in the evaluation of 
hydrological model performance (Wilcox et al., 1990; Legates and McCabe, 1999). 
It range from minus infinity to 1.0 (-oo <EF, :!~ 1.0). Higher than zero values 
indicate better agreement between observed and simulated parameters. EF, values 
less than zero mean that, the model predicted values are worse than simply using the 
observed mean (Elmaloglou and Malamos, 2000). 
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EF2 =1.0 	 (6-3)  (0i 
-o j 
d) 	Coefficient of Determination (CD) 
The coefficient of determination (CD) represents the ratio between the scatter of 
simulated value to the scatter of the measurements (Xevi et at., 1996) 
(6-4) 
Optimum value = 1.0 (0.0 < CD :!~ +cc) 
e) 	Coefficient of Residual Mass (CRM): 
The CRM represents the degree of underprediction or overprediction of a variable. 
Positive values of CRM mean that the model underestimate the measurements and 
negative values indicate that the model overestimate the measurements (Elmaloglou 
and Malamos, 2000; and Espino et at., 1995). 
CRIvf = 	 (6-5) 
where, P 	 is the average of the simulated values; 
Optimum value = 0.0 (=ci < CRM :!~ +co) 
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f) 	Pearson type Goodness of fit index (R2 ): 
R 2 range is between 0 and 1.0; it can take maximum value of 1.0 with higher values 
indicating better agreement. The worst model fit when R 2 equals to zero (Motovilov 
et al., 1999). 
Y_ 





6.53 Fitting Soil Moisture Retention Curves 
Water flow and solute transport is very sensitive to the moisture retention function 
8(h), which describes the relationship between soil moisture content and pressure 
head. The soil moisture retention function is modelled in the WAVE model using 
the van Genuchten equation (4.2). A well-defined relationship between soil 
moisture content and soil moisture tension needs to be derived through fitting the 
parameters of the van Genuchten equation. This can be done using observed soil 
moisture tension data. 
Soil moisture content and soil moisture tension relationships in the form of soil 
moisture retention curves, were developed at each of the pilot sites from the observed 
field data. These curves were conditioned by observed data of soil moisture tension 
and volumetric soil moisture contents at saturation and at wilting point at different 
depths at each pilot area. These data are summarised in Table 6.12 below. The 
objective has been to develop soil moisture retention curves that match the observed 
soil moisture data and reflect the field situation at each site. Soil moisture retention 
curves were fitted through a trial and error process of adjusting the a, n, and m 
parameters of the van Genuchten equation. 
151 
THE WAVE MODEL SET-UP AND CALIBRATION 
Table 6.12: Saturation and residual soil moisture contents 
Soil layer (cm) Makhtali Birlik -- 	Karaoi 
0 01  0, 0 
o - 20 46.2 9.3 47.2 8.4 46.5 7.7 
21-40 36.5 9.3 37.5 8.4 43.0 7.7 
41-60 41.3 9.3 45.0 8.4 44.6 7.7 
61 -80 42.9 9.3 46.7 8.4 47.2 7.7 
81 -100 44.4 9.3 46.8 8.4 47.2 7.7 
101-150 44.6 9.3 46.6 8.4 46.8 7.7 
151 -200 44.8 9.3 45.0 8.4 45.5 7.7 
201 -250 45.0 9.3 43.6 8.4 44.7 7.7 
251 - 300 44.1 9.3 43.3 8.4 44.9 7.7 
Source: Mott MacDonald, (2003b) 
The soil moisture content and soil moisture tension data recorded at different depths 
for each of the pilot areas are plotted in Figures 6.17 to 6.22 along with the fitted 
retention curves. The trial and error process showed that the soil moisture retention 
curve is more sensitive to the parameter a than other parameters. The parameters for 
the fitted retention curves are given in Table 6.13. These parameter values were used 
as initial values in the WAVE_MS model calibration. 
It is clear from Figures 6.17 to 6.22 that the quality of much of the soil moisture and 
soil moisture tension data is poor, and that it lacks consistency. The observed data 
should lie on a well defined relationship, but generally do not. The data are also 
available only for a relatively narrow range, with no data close to either saturation or 
wilting points. It is understood that equipment was late in arriving on site, and that 
this led to difficulties in calibrating equipment and resulted in very low and very high 
soil moisture contents being missed. The fitted soil moisture retention curves were 
adapted to pass through the available data at each site as well as possible. There are 
problems in the observed soil moisture tension data at many depths as there is a wide 
scatter between observed soil moisture tension data at the same moisture content. 
More discussion about the reliability of the observed soil moisture tension data is 
included in section 6.5.5 below. 
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Birlik location P3 Retention Curve (300 & 600 mm depth) 
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35- 
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Figure 6.17: Soil moisture retention curve, Birlik, location P3, 300 and 
600 mm depth 
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Figure 6.18: Soil moisture retention curve, Birlik, location 133, 1000 and 
1500 mm depth 
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Karaoi location P3, Retention Curve (300 and 600 mm depth) 
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Figure 6.19: Soil moisture retention curve, Karaoi, location P3, 300 and 
600 mm depth 
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Figure 6.20: Soil moisture retention curve, Karaoi, location P3, 1000 and 
1500 mm depth 
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Figure 6.21: Soil moisture retention curve, Makhtali, location P9, 300 
and 600 mm depth. 
1-igure b.Z1: bon moisture retention curve, lvIaKnLaiI, uoLuou r, uvu 
mm depth 
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Table 6.13: Fitted soil moisture retention curve parameters 
Pilot Area 	 - 	Parameter 
Depth mm a n in 
300 0.01 1 0.15 
Makhtali, location P9 600 0.01 1 0.4 
1500 0.01 1 0.4 
300 0.01 1 0.2 
Birlik, location P3 600 0.01 1.3 0.35 
1000 0.01 1.2 0.5 
1500 0.01 1 0.3 
300 0.01 1 0.5 
Karaoi, location P6 600 0.02 1 0.5 
1000 0.01 1.2 0.6 
1500 0.01 1.2 0.6 
6.5.4 Soil Moisture Content Calibration 
Following preliminary fitting of the soil moisture retention curve characteristics to 
the observed data, calibration of these parameters was carried out with WAVE—MS 
through matching observed and simulated soil moisture content. Using the 
parameter values presented in Table 6.13, large differences were found between 
observed and simulated soil moisture content at some depths especially in the top soil 
layers where simulated soil moisture content was often higher than observed (Figures 
6.23 and 6.24). However, simulated soil moisture contents fit well with those 
observed at many depths at the locations under consideration (Figures 6.25 and 6.26), 
and only small differences were found at some other depths (Figures 6.27 to 6.30) 
with patterns of changing soil moisture being reasonably simulated. 
There are some issues related to data quality. For example, in early March following 
leaching, soil moisture content should be close to saturation. At Makhtali and Karaoi 
observed soil moisture content in this period was around 30% at Makhtali and 25% 
and Karaoi. The problem is thought most likely to be associated with sampling 
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errors, particularly during 2002 data collection programme. In 2002 soil moisture 
was measured using automatic soil monitoring equipment and gravimetric laboratory 
analysis at a large number of sites in each pilot area. However, problems associated 
with the data obtained from both the soil monitoring equipment and from gravimetric 
soil moisture analysis were reported in the evaluation of the soil monitoring 
equipment results (Mott MacDonald, 2003b). Sample sizes for gravimetric 
measurements were smaller than standard, and calibration of some of the automatic 
equipment may have been based on incorrect gravimetric data. 
Observed and Simulated Soil Moisture at Birlik, location P3 
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Figure 6.23: Birlik, location P3 Initial Run—Soil Moisture 0-200 mm 
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Observed and Simulated Soil Moisture at Makhtali, location P9 
(fourth soil layer) 
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Observed and Simulated Soil Moisture at Makhtali, location P9 
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Figure 6.24: Makhtali, location P9 Initial Run—Soil Moisture 0-200 mm 
Figure 6.25: Makhtali, location P9 Initial Run—Soil Moisture 600-8000 
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Observed and Simulated Soil Moisture at Birlik, location P3 
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Figure 626: Birlik, location P3 Initial Run—Soil Moisture 200-400 mm 
Observed and Simulated Soil Moisture at Birlik, location P3 
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Figure 6.27: Birlik, location P3 Initial Run—Soil Moisture 400-600 mm 
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Observed and Simulated Soil Moisture at Karaoi, location P3 
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Figure 6.28: Karaoi, location P3 Initial Run—Soil Moisture 200-400 mm 
Observed and Simulated Soil Moisture at Karaoi, location P3 
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Figure 6.29: Karaoi, location P3 Initial Run—Soil Moisture 400-600 mm 
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Observed and Simulated Soil Moisture at Makhtali, location P9 
(third soil layer) 
35 
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Figure 6.30: Makhtali, location P9 Initial Run—Soil Moisture 400-600 mm 
Recognising that there have potentially been errors in soil moisture content 
measurement, and the soil moisture tension measurements used to derive the 
moisture retention curves, the soil moisture retention parameters were adjusted to 
improve the WAVE—MS model performance in simulating soil moisture. A series of 
model runs was carried out for the two years of observed soil moisture content data. 
In these runs the values of parameters used in the soil moisture retention and 
hydraulic conductivity equations (Os , 0,, a, m, and n) were modified in a trial and 
error process to determine values that permitted reasonable simulation of the 
observed soil moisture data. In these runs observed groundwater levels were used as 
the lower boundary condition for the model. 
By modifying the soil moisture retention parameters described above, the simulated 
soil moisture content could match quite well with that observed in the four soil layers 
examined at most sites in the project area. Figures 6.31 to 6.36 are typical examples 
and show good agreement between observed and simulated soil moisture for the two 
years of observations available. 
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Observed and Simulated Soil Moisture at Birlik, location P3 
(second soil layer) 
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Figure 6.31: Birlik, location P3 Calibration Run—Soil Moisture 200-400 
MM 
Observed and Simulated Soil Moisture at Birlik, location P3 
(fourth soil layer) 
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Figure 6.32: Birlik, location P3 Calibration Run—Soil Moisture 600-8000 
MM 
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Observed and Simulated Soil Moisture at Karaoi, location P3 
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Figure 6.33: Karaoi, location P3 Calibration Run—Soil Moisture 0-200 
mm 
Observed and Simulated Soil Moisture at Karaoi, location P3 
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Figure 6.34: Karaoi, location P3 Calibration Run—Soil Moisture 200-400 
MM 
1tv 
THE WAVE MODEL SET-UP AND CALIBRATION 
Observed and Simulated Soil Moisture at Makhtali, location P9 
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Figure 6.35: Makhtali, location P9 Calibration Run-Soil Moisture 0-200 
MM 
Observed and Simulated Soil Moisture at Makhtali, location P9 
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Figure 6.36: Makhtali, location P9 Calibration Run-Soil Moisture 400-
600 mm 
164 
THE WAVE MODEL SET-UP AND CALIBRATION 
Table 6.14 presents the results of the statistical tests used to assess calibration 
quality. Generally, the modified WAVE model has satisfactorily simulated soil 
moisture content at all locations under consideration. The statistical indices show a 
reasonable model performance in predicting soil moisture content. R 2 ranged 
between 0.36 and 0.75 in most depths within the areas under consideration. In the 
calibration of soil moisture content using ECOMAG model which describes the 
processes of soil infiltration, evapotranspiration, soil water content, surface and 
subsurface flow and groundwater flow, Motovilov et al. (1999) considered that 
simulation results are considered to be good for values of R 2 >_ 0.75, and satisfactory 
for R 2 between 0.36 and 0.75. In addition, the values of the coefficient of efficiency 
EF, and the coefficient of determination CD, ranged between -0.08 and 0.66; 0.12 
and 0.98 respectively which are reasonably close the optimum value of 1.0 at most 
sites. The coefficient of residual mass CRM show that the model predicted soil 
moisture content with minimum overestimation or underestimation in most sites. 
The calibrated values of the soil moisture retention parameters for each of the sites 
modelled are summarised in Table 6.15. The calibrated soil moisture retention 
parameters (8, 8,,, a, in, and n), result in re-defined soil moisture retention 
curves. These are shown in Figures 6.37 to 6.40. With the exception of the surface 
layers at Makhtali, the curves still represent the data reasonably well. It is known 
that a high water table at Birlik certainly caused problems with some of the 
automatic equipment in 2002, but the reason for the large discrepancy in the 300 mm 
and 600 mm depth layers at Makhtali are not clear (Figure 6.38). There are clearly 
discrepancies between the soil moisture content and soil moisture tension data at this 
site. 
165 
THE WAVE MODEL SET-UP AND CALIBRATION 
Table 6.14: Values of 	the statistical parameters used in 	the 
comparison of soil moisture content 
Pilot Area Layer MAE RRMSE EF7  CD CRM R 2  
Birlik-P3 1 5.54 0.36 -1.15 0.29 -0.03 0.38 
2 3.01 0.13 -0.25 0.50 -0.01 0.38 
3 4.10 0.19 -4.41 0.12 -0.06 0.45 
4 2.41 0.08 -0.16 0.51 0.01 0.41 
Birlik-P12 1 6.1 0.35 -1.9 0.19 0.01 0.51 
2 3.7 0.17 -0.47 0.44 0.07 0.41 
3 5.1 0.23 -2.5 0.19 0.07 0.38 
4 3.7 0.12 0.18 0.89 0.05 0.43 
Makhtali-P3 1 2.7 0.19 0.08 0.59 0.02 0.47 
2 2.7 0.17 -0.57 1.1 0.09 0.06 
3 3.7 0.15 -0.7 0.92 0.09 0.07 
4 2.2 0.08 0.24 6.9 0.02 0.39 
Makhtali-P9 1 3.30 0.20 0.39 1.36 0.03 0.43 
2 3.52 0.17 0.14 1.86 0.09 0.37 
3 2.52 0.13 0.38 2.91 -0.01 0.39 
4 2.46 0.10 0.14 2.55 0.02 0.39 
Makhtali-P15 1 4.1 0.39 -0.5 0.52 -0.19 0.32 
2 3.2 0.18 0.11 1.11 0.06 0.32 
3 4.6 0.26 0.09 1.6 0.13 0.33 
4 4.6 0.14 -0.72 1.9 -0.04 0.31 
Karaoi-P3 1 3.11 0.35 0.66 1.44 0.1 0.69 
2 5.44 0.50 -0.09 0.98 0.33 0.40 
3 3.50 0.36 0.27 2.06 0.17 0.43 
4 2.63 0.13 -0.08 0.53 0.01 0.43 
Karaoi-P6 1 3.04 0.33 0.7 1.83 0.1 0.75 
2 3.85 0.42 0.4 1.23 0.18 0.33 
3 3.0 0.31 0.62 3.1 0.07 0.73 
4 3.0 0.2 0.25 1.0 -0.02 0.39 
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Table 6.15 Final Calibration Parameters 
Pilot Area Location Layer Depth 
MRC Parameters HCC Parameters 
8 9 a n rn B N 
Makhtali P3 1 0-200 9 46 0.03 1.5 0.4 0.34 1.5 
2 200-400 9 37 0.02 1.3 0.3 0.34 1.5 
3 400-600 9 41 0.02 1.2 0.4 0.34 1.5 
4 600-8000 9 44 0.01 0.8 0.3 0.34 1.5 
Makhtali P9 1 0-200 9 46 0.03 1.4 0.4 0.34 1.5 
2 200-400 9 37 0.02 1.3 0.3 0.34 1.5 
3 400-600 9 41 0.02 1.2 0.4 0.34 1.5 
4 600-8000 9 44 0.01 1.0 0.35 0.34 1.5 
Makhtali P15 1 0-200 9 44 0.03 1.3 0.4 0.34 1.5 
2 200-400 9 46 0.03 1.4 0.3 0.34 1.5 
3 400-600 9 37 0.03 1.4 0.4 0.34 1.5 
4 600-8000 9 41 0.01 0.8 0.3 0.34 1.5 
Karaoi P3 1 0-200 7 44 0.05 1.6 0.6 0.34 1.5 
2 200-400 7 43 0.04 1.5 0.5 0.34 1.5 
3 400-600 7 45 0.05 1.4 0.5 0.34 1.5 
4 600-8000 7 46 0.01 1.1 0.4 0.34 1.5 
Karaoi P6 1 0-200 7 47 0.06 1.6 0.5 0.34 1.5 
2 200-400 7 43 0.04 1.5 0.5 0.34 1.5 
3 400-600 7 45 0.05 1.4 0.5 0.34 1.5 
4 600-8000 7 46 0.01 1.1 0.4 0.34 1.5 
Birlik P3 1 0-200 8 47 0.01 1.0 0.4 0.34 1.5 
2 200-400 8 38 0.004 1.0 0.4 0.34 1.5 
3 400-600 8 45 0.01 1.0 0.4 0.34 1.5 
4 600-8000 8 45 0.004 1.0 0.4 0.34 1.5 
Birlik P12 1 0-200 8 47 0.02 1.2 0.4 0.34 1.5 
2 200-400 8 38 0.01 0.8 0.4 0.34 1.5 
3 400-600 8 45 0.02 1.2 0.4 0.34 1.5 
4 600-8000 8 45 0.01 0.7 0.4 0.34 1.5 
167 
THE WAVE MODEL SET-UP AND CALIBRATION 






20- 	- 	 -- 
15 
—Fitted Curve 300 mm depth 
> 10 	• Observed data 300 mm depth 
£ Observed data 600 mm depth 
0 	
—Fitted Curve 600 mm depth 
0 0.5 	1 	1.5 	2 	2.5 	3 
pF 
H 
3.5 	4 	4.5 
Figure 6.37: Birlik, location P3 Calibration Run—Soil Moisture Retention 
Curve, 300 & 600 mm depth 
Makhtali location P9, Retention Curve (300 & 600 mm depth) 
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Figure 6.38: Makhtali, location P9 Calibration Run—Soil Moisture 
Retention Curve, 300 & 600 mm depth 
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Karaoi location P6, Retention Curve (1000 & 1500 mm depth) 
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Figure 6.39: Karaoi, location P6 Calibration Run—Soil Moisture 
Retention Curve, 300 mm depth 




Observed data 1500 mm depth 
Fitted Curve 1500 mm depth 
0 
0 	0.5 	1 	1.5 	2 	2.5 	3 	3.5 	4 	4.5 
pF 
Figure 6.40: Makhtali, location P9 Calibration Run—Soil Moisture 
Retention Curve, 1500 mm depth 
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A comparison has also been made between the WAVE and WAVE—MS models in 
simulating soil moisture content. Over the two year period of simulation used in 
calibration, the differences in soil moisture content simulated using the two versions 
were not high as the differences in actual crop transpiration simulated using the two 
model versions were small. Soil moisture contents simulated with WAVE—MS was a 
bit higher than that simulated using the original WAVE model (Figures 6.41 to 6.43). 
The reason is that, the soil salinity within the two years simulation period was only 
slightly higher than the threshold values for crop salinity stress at Birlik and 
Makhtali, and very marginally above the threshold in the top soil layer at Karaoi. The 
relatively slow build up of salinity over the simulation period can be attributed to the 
annual leaching of salts. In addition, the amount of salts added through water 
application is relatively small because of inadequate irrigation. In Karaoi where the 
salinity level is under the threshold value in all but the top layer in summer, there 
were no significant differences in soil moisture between the two versions (Figures 
6.44 and 6.45). 
Observed and simulated soil moisture at Birlik, location P3 
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Figure 6.41: Soil moisture simulated using the WAVE and WAVE—MS 
models, Birlik, location P3 (0-200 mm depth) 
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Observed and simulated soil moisture at Birlik, location P3 












Cl) 5 - 	-- 	 -. 	- 	- -- 	- 
0 I 
04/10/2000 22/04/2001 	08/11/2001 	27/05/2002 	13/12/2002 
Date 
Figure 6.42: Soil moisture simulated using the WAVE and WAVE_MS 
models, Birlik, location P3 (200-400 mm depth) 
Observed and simulated soil moisture at Makhtali, location P9 
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Figure 6.43: Soil moisture simulated using the WAVE and WAVE_MS 
models, Makhtali, location P9 (400-600 mm depth) 
171 
THE WAVE MODEL SET-UP AND CALIBRATION 
Observed and simulated soil moisture at Karaoi, location P3 
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Figure 6.44: Soil moisture simulated using the WAVE and WAVE_MS 
models, Karaoi, location P3 (0-200 mm depth) 
Observed and simulated soil moisture at Karaoi, location P3 
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Figure 6.45: Soil moisture simulated using the WAVE and WAVE_MS 
models, Karaoi, location P3 (400-600 mm depth) 
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65.5 Soil Moisture Tension 
Following soil moisture calibration, simulated soil moisture tension was compared 
with observed soil tension data where it was possible to do so. Time series of soil 
moisture tension data are available at different depths at Makhtali location P9, and at 
Karaoi location P3. The observed soil moisture tension data collected from the 
central site of Birlik were used in the calibration of Birlik location P3 at which there 
were no observed data available. 
At Birlik, for all depths, there is reasonable agreement between observed and 
simulated soil moisture tension in terms of magnitude (Figures 6.46 and 6.47), and 
the results are as good as could be expected in the light of the moisture retention 
curves given in Figure 6.37. The effect of wetting and drying due to water 
application and root water uptake was not clear even in the top layer. In other words, 
the observed soil moisture tension data were less sensitive to irrigation application as 
compared with the simulated soil moisture tension. It is unfortunate that no data were 
available for the leaching period. No reliable tension data were available for the 
Birlik pilot site at locations P3 and P12. Moreover, according to the Working Paper 
No. 30 (Mott MacDonald, 2004), the monitoring equipment were not working 
efficiently particularly in Birlik due to poor drainage and waterlogging. 
In Karaoi, the water table is lower than at Makhtali and Birlik, and this is clearly 
reflected in the relatively higher soil moisture tensions observed in the lower soil 
layers. The impact of two water applications on the soil moisture tension data is 
apparent in the upper soil layer (Figure 6.48). Perhaps the observed soil moisture 
tension data in this pilot area are more reliable than in other areas. The simulated 
data fitted the observed reasonably well. Figures 6.48 and 6.49 show that the 
simulated soil moisture tension matches well with the observed in the three depths 
under consideration, and especially in the bottom layer at a depth of 1500 mm. 
In Makhtali, location P9, there has been clear influence of the second irrigation 
application on the observed soil moisture tension data in the upper soil layer. 
However, it is apparent that the first irrigation was not effective, possibly because of 
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the amount applied was too small. The results show an under prediction of the 
observed soil tension values at 300 mm depth (Figure 6.50). However, the simulated 
soil moisture tension matches well with the observed in the other depths, especially 
in the bottom layer at 1500 mm depth (Figure 6.51). The under prediction of the 
observed soil moisture tension data at 300 mm depth shown in Figure 6.50 could be 
related to the chosen parameters in the soil moisture content calibration, but in view 
of the data problems that were known to exist, a further iteration of calibration was 
not carried out. 
Observed and simulated soil moisture tension at Birlik (300 & 600 mm depth) 
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Figure 6.46: Soil moisture tension at Birlik (300 & 600 mm depth) 
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Figure 6.47: Soil moisture tension at Birlik (1000 & 1500 mm depth) 
Figure 6.48: Soil moisture tension at Karaoi (300 & 600 mm depth) 
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Figure 6.49: Soil moisture tension at Karaoi (1000 & 1500 mm depth) 
Observed and simulated soil moisture tension at Makhtali (300 & 600 mm depth) 
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Figure 6.50: Soil moisture tension at Makhtali (300 & 600 mm depth) 
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Figure 6.51: Soil moisture tension at Makhtali (1500 mm depth) 
6.5.6 Soil Salinity 
The soil salinity calibration was divided into two stages, in the first stage, a series of 
model sensitivity runs were carried out for the period 2001-2025. In these runs the 
sensitivity of salinity build up over the simulation period to the solute distribution 
constant (Kd)  was tested. This parameter is required in the mobile/immobile 
concept. In the second stage, soil salinity calibration was carried out by running the 
model for two years using observed soil salinity data at different depths from the 
pilot areas under consideration. The objective was to match simulated and observed 
soil salinity by changing the distribution coefficient Kd  using a trial and error 
process. 
The sensitivity of the solute distribution constant (Kd)  was tested for values of 0.5, 
1.0, 2.0, 3.0, and 5.0. Figures 6.52, 6.53, and 6.54 show the influence of Kd  on 
salinity build up, assuming Karaoi soil characteristics. This parameter has a great 
effect on salinity build up by controlling the mass of solutes adsorbed on the soil 
complex. The higher the value of Kd,  the greater the mass of solutes adsorbed on 
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the soil particles in the top three layers. As a result the simulated leaching would be 
less effective than with lower values of Kd.  In the bottom layer (600-8000 mm 
depth), there was slight increase in soil salinity with increasing the Kd  value due to 
the continuous accumulation of salts in this layer from the water table (Figure 6.54). 
With high values of Kd  lower crop yields are simulated than with low values of Kd , 
because a higher mass of solutes remains in the soil root zone. According to these 
results, it is very important to determine a value of Kd  that permits reasonable 
salinity simulation, and reflects the observed salinity level in the project area 
accurately. The difficulty is that, only a few soil salinity observations are available 
and are insufficient to permit confident definition of Kd.  A Kd  value of 1.0 was 
chosen as being a representative value for the whole area, except for Birlik, where a 
value of 2.0 has been used. 
The Effect of the Distribution Coefficient (Kd) on the salinity build up 
in first soil layer (0-200 mm depth) with Karaoi, location P6 soil 
characteristics 
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Figure 6.52: Salinity Build up at Karaoi, location P6 (0-200 mm depth) 
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The Effect of the Distribution Coefficient (Kd) on the Salinity Build up in the 
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Figure 6.53: Salinity Build up at Karaoi, location P6 (400-600 mm depth) 
The Effect of the Distribution Coefficient (Kd) on the salinity build up 
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Figure 6.54: Salinity Build up at Karaoi, location P6 (600-8000 mm 
depth) 
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Establishment of efficient irrigation and drainage practice become easier if the most 
effective variables or parameters influencing response are identified. Another series 
of model sensitivity runs were carried out for the period 2001-2025. In these runs the 
sensitivity of irrigation and drainage management variables such as irrigation water 
application, irrigation water quality, leaching amount and drainage rate were tested to 
examine their effect on salinity build up over the simulation period. These variables 
are considered to be the most important factors for the establishment of efficient 
irrigation and drainage management practices. Sensitive variables are those that have 
a significant effect on salinity build up. Variables that are identified as significantly 
sensitive need to be treated more carefully in the construction of the scenarios 
required for the establishment of efficient irrigation and drainage water management. 
The sensitivity analysis was performed by varying each of the above mentioned 
variables while others were kept constant. 
The sensitivity of the irrigation water application was tested in the range of 100 - 400 
mm in increment of 100mm in the rate of 100mm each 30 days while leaching 
amount, irrigation water salinity and annual drainage were kept constant at 300 mm, 
1000 mg/1 and 200 mm, respectively. Figure 6.55 shows the salinity build up in the 
rootzone under different irrigation water applications. It is clear that, irrigation water 
application has a great influence on simulated salinity. Soil salinity increased by 49% 
as irrigation water application increased from 100 to 400 mm. The simulation 
results show that, with irrigation water salinity of 1000 mg/l, large irrigation 
application cause more salt accumulation in the rootzone even with 300 mm 
leaching. Irrigation water quality also has a significant impact on the salinity build 
up in the rootzone. The lower the quality of the irrigation water, the higher the salt 
loads in the rootzone (Figure 6.56). With large irrigation water applications of low 
quality, keeping salinity levels in the rootzone under control can only be achieved 
with adequate drainage rate (Figure 6.57). In other words, salinity levels in the 
rootzone cannot be kept constant unless the amount of salts added to the profile 
through irrigation water equals the amount of salts leached from the profile by 
drainage. 
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The effect of irrigation water application on the salinity build up in the 
r000ne with Karaoi, location P6 soil characteristics 
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Figure 6.55: Impact of irrigation water application on the salinity build 
up 
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Figure 6.56: Impact of irrigation water quality on the salinity build up 
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The effect of drainage rate on the salinity build up in the rootzone with Karaoi, 
location P6 characteristics 
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Figure 6.57: Impact of drainage rate on the salinity build up 
Under low salinity conditions such as those of Karaoi, location P6, increasing the 
leaching amount from 100 to 300 mm has only a small effect on the salinity build up 
in the rootzone, which remains similar using 100, 200 and 300 mm of leaching over 
the simulation period (Figure 6.58). Soil salinity slightly decreases with increasing 
leaching. Accordingly, this variable can be ignored under such conditions. Key 
parameters in this case are irrigation water application and drainage rate. 
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The effect of leaching amount on the salinity build up in the rootzone with Karaoi, 
location P6 characteristics 
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Figure 6.58: Impact of leaching amount on the salinity build up 
Soil salinity is a major influence on the sustainability of irrigated agriculture in many 
and and semi-arid regions. Simulating salinity build up in the WAVE and 
WAVE—MS models requires calibration of the distribution coefficient Kd,  and to do 
this a high frequency of data on observed salinity are required throughout the 
calibration period. The fewer the samples the less well constrained is the calibration. 
Unfortunately, the available soil salinity data for the WRMLIP project are poor in 
number and quality. Because of this, great difficulty was experienced in trying to 
produce matches between the simulated and observed data. In the calibration 
processes it was not possible to reach a reasonable agreement between observed and 
simulated soil salinity. The restrictions in getting a good model performance in 
simulating soil salinity are the number and quality of the field data. The soil salinity 
data collected during fieldwork were very few and had some shortcomings. These 
shortcomings could be related to sampling errors and heterogeneity. 
Figures 6.59 to 6.62 show the simulated and observed soil salinity in selected pilot 
areas. In addition to the graphical presentation, the high variation between observed 
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and simulated soil salinity values is indicated by low values of R 2 , EF2 and 
relatively high values of CD. There are, however, few data points and while clearly 
the simulation of the order of magnitude of salinity is satisfactory, the data do not 
permit detection of increasing trends or seasonal variability. In addition, the reason 
for differences at some locations is thought be related to laboratory error. However, 
the statistics indices appear better at Karaoi, location P3 than at other sites. 
Observed and simulated soil salinity at Makhtali, location P9 
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Figure 6.59: Makhtali site P9 Calibration Run - Soil salinity (200-400 mm 
depth) 
184 
THE WAVE MODEL SET-UP AND CALIBRATION 
Observed and simulated soil salinity at Makhtali, location P9 
(fourth soil layer) 
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Figure 6.60: Makhtali site P9 Calibration Run - Soil Salinity (600-8000 
mm depth) 
Observed and simulated soil salinity at Karaoi, location P3 
(third soil layer) 
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Figure 6.61: Karaoi site P3 Calibration Run - Salinity (400-600 mm 
depth) 
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Observed and simulated soil salinity at Birlik, location P3 
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Figure 6.62: Birlik site P3 Calibration Run—Soil Salinity (200-400 mm 
depth) 
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Table 6.16: Values of the statistical parameters used in the comparison 
of soil salinity 
Pilot Area Layer MAE RRMSE - EF2  CD CRM R 2  
Bir!ik-P3 1 0.19 0.22 0.99 244.9 0.13 <0.01 
2 0.15 0.20 0.99 1083.4 0.07 0.13 
3 0.16 0.27 0.99 515.4 0.1 <0.01 
4 0.15 0.55 0.96 113.8 0.24 0.02 
Birlik-P12 1 0.17 0.25 -0.01 6.57 -0.04 0.04 
2 0.17 0.26 -0.1 13.6 0.07 0.06 
3 0.11 0.16 0.11 35.2 -0.01 0.18 
4 0.26 0.93 -0.25 4.01 0.42 <0.01 
Makhtali-P3 1 0.15 0.25 0.04 2.26 0.09 0.18 
2 0.16 0.25 0.05 13.2 -0.004 0.05 
3 0.2 0.3 -0.5 4.05 -0.09 0.20 
4 0.21 0.25 -0.22 2.79 0.12 0.12 
Makhtali-P9 1 0.18 0.5 -0.19 10.9 0.13 0.18 
2 0.2 0.52 -0.26 36.7 0.02 0.55 
3 0.2 0.44 -0.17 6.34 0.16 0.06 
4 0.23 0.69 -0.31 3.18 0.34 0.03 
Makhtali-P15 1 0.08 0.35 0.46 4.39 -0.08 0.58 
2 0.14 0.53 -0.26 1.3 -0.38 0.55 
3 0.29 0.69 -0.01 9.03 0.23 0.81 
4 0.1 0.26 -0.01 93.5 0.03 <0.01 
Karaoi-P3 1 0.04 0.54 0.96 24.9 -0.43 0.99 
2 0.02 0.25 0.99 108.1 0.01 0.99 
3 0.02 0.22 0.99 170.1 -0.09 0.99 
4 0.19 1.17 0.77 14.6 0.63 0.88 
Karaoi-P6 1 0.05 0.36 -0.24 3.4 -0.06 <0.01 
2 0.01 0.16 0.14 1.4 -0.11 0.64 
3 0.01 0.17 -0.01 2.4 -0.06 0.05 
4 0.01 0.15 -0.13 8 0.02 0.01 
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6.6 Conclusions 
The modified model was set-up and calibrated using field data collected by Mott 
MacDonald from three pilot areas in South Kazakhstan. The data collection 
programme was carried out for two years from October 2000 to October 2002. The 
modified model is capable of dealing with the combined effect of water stress and 
salinity on crop transpiration and yield. In terms of soil moisture content and soil 
salinity, the calibration results have been satisfactory. However, soil salinity and soil 
moisture tension calibration was restricted by the number and quality of the data 
from the pilot area data collection programme. Soil salinity and soil moisture tension 
calibration need to be improved when more data of good quality become available. 
The results show poor performance in simulating soil moisture tension and soil 
salinity. Model calibration is limited by the number and quality of soil moisture 
tension and salinity data, more frequent and careful monitoring of these field data are 
required. The model would require re-calibration when more soil salinity data of 
good quality become available. An on-going field programme would permit more 
reliable calibration and validity of the model. The more data of good quality that can 
be collected the better will be model performance. 
Generally, the reasonable agreement between observed and simulated soil moisture 
gives confidence that the WAVE_MS model can be used to predict long term water 
balance as well as investigating long-term salinity build up in the root zone and the 
effect of moisture and salinity stress on crop yield. 
The calibrated model can be used in establishing irrigation and drainage management 
strategies that maximise crop return per unit of water applied (minimise the yield 
reduction due to water stress and salinity) through evaluating different irrigation and 
drainage management scenarios, the scenario variables are irrigation amount and 
time, leaching amount and drainage rate. 
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CHAPTER 7 
Application of the WAVE Model to the 
Makhtaaral Region of South Kazakhstan 
71 	Introduction 
This chapter describes the application of the calibrated WAVE _MS model to the 
Makhtaaral Region of South Kazakhstan to investigate the impacts of alternative 
irrigation and drainage practices on salinity and crop yield. 
Following this introduction, section 7.2 demonstrates the application of the 
WAVE_MS model to evaluate the present irrigation and drainage practices. In 
Section 7.3, the procedures used for establishing efficient irrigation and drainage 
strategies are outlined. Evaluation of alternative irrigation and drainage practices is 
presented in section 7.4. Conclusions are presents in section 7.5 
72 	Evaluation of the current irrigation and drainage 
management practices 
The modified WAVE model has been applied to evaluate current irrigation and 
drainage practices in the three pilot areas in the WRML[P project area. The 
simulations have been driven by available historic rainfall and potential 
evapotranspiration data. Only 13 years of historic data were available and the historic 
sequence was simply repeated to provide a 25 year simulation period. This was 
considered to be sufficiently long to detect long-term salinity impacts. 
In the simulation of the current irrigation and drainage practices, the actual irrigation 
time, amounts applied, and the present level of soil salinity at each location, as 
recorded in 2002 (Mott MacDonald, 2003a), were used as model inputs. The 
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objective was to assess the effect of the water application, leaching amount and 
drainage rates on salinity build up, crop transpiration and subsequently on crop yield. 
7.21 Crop water requirements 
It is clear that since the 1990's, water supplies to the project area have been 
significantly lower than required for sustainable crop production. Reasonable crop 
yield cannot be achieved without adequate irrigation. Reductions in cotton yield in 
the region are attributed to inadequacy of irrigation, in addition to other factors such 
as soil salinity and waterlogging. Mott MacDonald (2003c) reported that soil water 
stress is the dominant factor effecting crop yield; the effect of salinity and water 
logging is significantly lower at the present time at most locations. 
In all pilot areas in 2001, the total water applications (both irrigation and rainfall but 
excluding leaching application) were very low and could meet only 13%-17%, 20%-
26% and 26% of the total crop water requirements in Birlik, Makhtali and Karaoi 
areas respectively. Even if the leaching amounts are considered to meet a part of the 
crop requirements, only 35%-47%, 32%-37% and 44% of the seasonal water 
requirements would have been met. Under the current conditions, crops in most 
locations have part of their water requirements met by root water uptake from the 
shallow watertable. Simulation results indicate that the amount of water supplied by 
the upward flux from the shallow watertable during the growing season in 2001 met 
10% - 35% of the total crop water requirements, depending on location. 
Figure 7.1 shows cumulative potential and simulated actual crop evapotranspiration 
at location P3 in the Karaoi pilot area in 2001. The simulated actual crop 
evapotranspiration during the growing season from mid-April to mid-October was 
about 473 mm compared with 809 mm potential evapotranspiration. About 35% of 
the total crop water requirement (60% of the actual water use) at this location was 
met through the upward flux from the water table. Only 67% of the potential crop 
yield was achieved. In terms of individual growth stages, there was a reduction in 
the crop water requirements by 7%, 26%, 50% and 51% for vegetative, flowering, 
yield formation and ripening stages respectively. This resulted in yield reductions of 
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2%, 12%, 25% and 33% for the same growth stages respectively. As the soil salinity 
in Karaoi area is still under the threshold value for salinity stress, crop transpiration 
simulated using original and WAVE—MS model versions was the same and the 
reduction in crop transpiration and yield was due to only the effect of soil water 
stress. 
Cumulative potential and actual cotton transpiration at Karaoi area, location P3 as 
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Figure 7.1: Simulated potential and actual cotton transpiration at 
Karaoi area, location P3. 
Cotton plants in the Makhtali and Birlik areas are under the effects of both soil water 
stress and salinity stress. As a result, crop transpiration is lower than in Karaoi. For 
example, at location P9 in the Makhtali area, the simulated actual crop transpiration 
was about 440 mm; meeting only 54% of the total crop water requirements (Figure 
7.2). 234 mm (53%) of the actual crop water use was provided by upward flux from 
the water table. The simulated crop yield was 54% of potential. As soil salinity in 
the Birlik and Makhtali areas is above the salt-tolerance threshold value, crop 
transpiration simulated using original WAVE model was higher than that simulated 
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using the WAVE—MS model because the original version doesn't take into account 
the effect of salinity stress on transpiration. 
Cumulative Cotton transpiration at Makhtali area, location P9 as simulated using 
original and modified WAVE model versions (2001) 
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Figure 7.2: Simulated potential and actual cotton transpiration at 
Makhtali area, location P9. 
7.2.2 Soil Salinity 
According to the salinity data presented in the data collection reports (Mott 
MacDonald, 2003a), soil salinity in the Birlik and Makhtali areas is above the salt-
tolerance threshold value of 7.7 dS I m for cotton (0.47% of dry soil weight). 
However, it is below threshold in the Karaoi area. The WAVE—MS model has been 
used to predict the soil salinity over a 25-year (notionally 2001 - 2025) simulation 
period. Although, water applications have been low in recent years, adequate supply 
would have led to a worse salinity problem than now exists in some locations in view 
of the poor drainage that has existed. The simulation results indicate that, rootzone 
salinity at Makhtali location P9 would rise by about 51% by the year 2025 (Figure 
7.3) if recent irrigation and drainage practices were to continue. This would result in 
crop yield reduction due to salinity stress of about 44%, in addition to the reduction 
due to water stress. Figure 7.4 shows that soil salinity in other soil layers follows the 
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same trend as salinity in the rootzone. The rate of salt accumulation in all layers is 
relatively slow. Although there was no drainage, the water table in the area falls from 
4.5 in to be lower than 7.5 m over most of the simulation period as a result of the 
water uptake by the plant roots. 
In the Birlik area, a solute distribution constant (Kd ) value of 2.0 was used in the 
simulation, which is higher than the Kd  values, used for other locations. A Kd  value 
of 2.0 means that the leaching process is less effective than if the value was 1.0. 
However, root zone salinity in Birlik increased from 0.6% to only 0.71% over the 
simulation period to reduce the yield by about 33% in addition to the reduction due 
to water stress. Figure 7.5 and 7.6 show salinity build up at location P3 in the Birlik 
area. As a result of the higher water table in this area, salinity build up rate in the 
bottom soil layers is high. However, salinity build up in other layers is relatively 
slow. This is as a result of the continuous leaching of salts each year and the fact that 
salt loadings are relatively low because of inadequate irrigation. The threshold value 
given in the following figures is the salinity at which crop yield begins to be affected. 
Salinity build up in the rootzone at Makhtali area as simulated using 
WAVE—MS model 
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Figure 7.4: Salinity build up at Makhtali area, location P9 
Salinity build up in the rootzone at Birlik area as simulated using 
WAVE—MS model 
Figure 7.5: Salinity build up in the rootzone at Birlik area, location P3 
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Salinity build up at Birlik area as simulated using WAVE—MS model 
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Figure 7.6: Salinity build up at Birlik area, location P3 
In the Karaoi area, soil salinity remained under the critical value over the entire 
simulation period. The rate of salt accumulation is similar in all soil layers. The 
amount of salts added to the soil profile is similar to that observed at Makhtali. Over 
the 25 year simulation, 3.7 Kg 1m 2 of salt is added to the soil profile compared with 
4.0 Kg /m 2 and 3.0 Kg 1m 2 added to the soil profile at Makhtali and Birlik areas 
respectively. Figure 7.7 and 7.8 show salinity build up in the root zone at Karaoi 
location P3. At Karaoi soil salinity started from a lower base, but there could 
eventually be a salinity problem. 
As there was no salinity or waterlogging effects in the Karaoi area, the reduction in 
crop yield over the simulation period is related to the water stress only. The 
fluctuations in the depth to groundwater from one year to another are related to the 
variation in the seasonal rainfall and crop transpiration between years. 
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Figure 7.7: Salinity build up in the rootzone at Karaoi area, location P3 
Salinity build up at Karaoi area as simulated using WAVE—MS model 
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7.2.3 Crop yield 
Long-term historical data on crop yield are not available to permit evaluation of the 
impact of the current Irrigation and drainage management practices. The modified 
WAVE model has been used to assess the combined effect of water supply, soil 
salinity, and waterlogging on crop yield. 
Two years (2001 and 2002) of observed cotton yields in the pilot areas expressed as a 
percent of potential maximum yield (taken as 3.9 tonnelha) were compared with 
simulated yields using the WAVE_MS model. Results are shown in Table 7.1. 
There is an overestimation of the cotton yield by 14% at Makhtali and Karaoi in 
2001. However, a good match with the observed yields was obtained at Birlik in 
both years. The model underestimates cotton yield by about 21% and 9% in 
Makhtali and Karaoi in 2002, respectively. The overestimation of cotton yield in 
Makhtali and Karaoi in 2001 can be related to factors such as plant diseases and 
nutrients deficiency, which caused yield reduction in addition to the effects of water 
stress and salinity. The model has only considered water and salinity stress. In 2002 
the yield simulation at Birlik and Karaoi was reasonably good, but the very high 
yield reported for Makhtali was not reproduced. It is thought likely that there has 
been some anomaly in this data. 
Table LI: Average observed and simulated cotton Yield in pilot 
areas, (%) 
Pilot Area 	 Average Yield (%) 
Observed 	 Simulated 
2001 
Makhtali 40 54 
Birlik 48 46 
Karaoi 053 67 
2002 
Makhtali 75 54 
Birlik 53 51 
Karaoi 78 69 
Cotton yield was simulated using the WAVE_MS model for a period of 25 years 
(2001-2025) to investigate long-term water stress and salinity effects on cotton yield, 
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assuming that recent irrigation and drainage practices continued. In the Makhtali and 
Birlik areas, cotton yield is under the effect of both soil salinity and soil water stress. 
As a result, the average reduction in crop yield was about 50% in the year 2002 in 
both areas. Average yield in these two areas decreased sharply from the initial 
values of about 54% and 45% in the first year of simulation. Figures 7.9 and 7.10 
show that by the year 2025, with continuation of recent irrigation and drainage 
practices, 70% of the potential crop yield would be lost from the Makhtali and Birlik 
areas. Increasing soil salinity is the cause of continued decline in yields. 
Since soil salinity in the Karaoi area remains below the threshold value for salinity 
stress throughout the simulation period, reduction in cotton yield is attributed to soil 
water stress only. The reduction in yield would remain around 30%-40% until the 
salinity exceeds the threshold value (Figure 7.11). At that time the reduction in yield 
will increase as the salinity increases. The combined effect of water stress and 
salinity is more harmful to crop yield than the individual effect of water stress. The 
slight fluctuations in crop yield from one year to another are related to variations in 
the seasonal rainfall between years. 














Figure 7.9: Cotton yield at Makhtali area as simulated using modified 
WAVE—MS model 
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Figure 7.10: Cotton yield at Birlik area as simulated using modified 
WAVE—MS model 





















Figure 7.11: Cotton yields at Karaoi area as simulated using modified 
WAVE—MS model 
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7.3 Establishment of optimum irrigation and 
drainage strategies 
7.3.1 Management Variables 
Efficient irrigation management requires understanding of how crop yield responds 
to different irrigation and drainage practices. There are complex interactions between 
parameters, such as crop type and growth stages, irrigation application, leaching 
amount and drainage rate. To establish efficient irrigation and drainage strategies, 
the WAVE_MS model, has been used, along with the C_YIELD model to simulate 
the long term affects of different irrigation and drainage practices on crop yield. 
Irrigation without adequate drainage results in water table rise. A shallow water table 
affects crop yields in different ways:- positively through its contribution by capillary 
flux in partially meeting crop water requirements; and negatively through its 
influence on salinity in the root zone, as well as through water logging. Controlling 
the water table position by vertical drainage is an important part of the WRMLIP 
project. There are of course operational costs associated with vertical drainage, and 
there could be trade offs between irrigation and drainage costs and yields, depending 
upon energy costs. 
73.2 Costs of Irrigation and Drainage 
In South Kazakhstan, farmers will pay the water authority for water supply and for 
associated drainage pumping. The cost of irrigation and drainage will be charged to 
farmers on the basis of the volume of water supplied. The cost of irrigation water 
supply will be 114 Tenge per 1000 m 3 . The cost of drainage from a level of 20 in 
below ground by a VDW will be around 150 Tenge per 1000 m 3 . It has been 
reported that about 40% of the capital cost of the project was spent on irrigation 
improvement and around 40 to 50% on drainage facilities (Mott MacDonald, 2000a). 
It is important to take these costs into account in the evaluation of the different 
irrigation and drainage management strategies. The objective has been to keep the 
irrigation and drainage costs to minimum while increasing the crop return from 
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increased productivity of the crop. In other words, increasing the crop return by 
maximising the crop productivity per unit of water and unit of drainage applied. 
Information about other costs in addition to the cost of irrigation and drainage was 
not available to be included in the Cost-Benefit analysis. 
As a part of the model outputs, a Cost-Benefit Index file has been created. This file 
indicates the relative return of each scenario, taking into account the cost of irrigation 
and drainage. It is based on the approximate figures taken from the WRMLIP 
Working Paper 14 (Mott MacDonald, 2000a). The basis of this is that the revenue 
from I hectare of cotton at maximum yield is 100,000 Tenge. The cost of water 
supply to farmers for irrigation and drainage is about 2000 Tenge per hectare at an 
overall water application depth of 10000 ni3 /h (1000 mm). Relative values have 
been applied as 100 for maximum yield revenue per hectare, and 2 for irrigation cost 
per 1000 mm applied and 2 for drainage cost per 1000 mm removed. The maximum 
score of the Cost-Benefit Index is 100. For each irrigation and drainage scenario, the 
cost index is calculated as follows: 
cBI = 100*YrelM(2*Irr A/1000)_(2*Drain AI1000) 	(7-1) 
Where, CBI 	 is the Cost-Benefit Index which is an index refers to 
the crop return per unit of water applied and unit of 
drainage; 
Yrel - M 	 is the average total relative yield over the last 10 years 
of simulation; 
IrrA 	 is the amount of water applied; 
Drain - A 	is the amount of water removed. 
It is clear, even without any analysis, that the costs of irrigation and drainage will not 
be a significant part of the crop budget. 
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73.3 Description of scenarios 
Sets of modified WAVE_MS model runs have been carried out to evaluate different 
irrigation and drainage scenarios over a 25-year simulation period. This period was 
considered to be sufficient to investigate soil water availability and salinity build up 
in the soil root zone under different management practices. As in the evaluation of 
the current irrigation and drainage practices; the runs were driven by the rainfall and 
evapotranspiration sequences described in section 7.2. Ten different irrigation and 
leaching scenarios were considered. Table 7.2 lists the scenarios considered. The 
amount of water applied and time of application for each scenario is given in 
Appendix C. 
Table 7.2: Possible irrigation and leaching scenarios 
Scenario 	Description 
A 	 400 mm total application, 300 mm leaching and 100 mm irrigation 
B 	 400 mm total application, 200 mm leaching and 200 mm irrigation 
C 	 600 mm total application, 300 mm leaching and 300 mm irrigation 
D 	 800 mm total application, 400 mm leaching and 400 mm irrigation 
E 	 800 mm total application, 300 mm leaching and 500 mm irrigation 
F 	 800 mm total application, 200 mm leaching and 600 mm irrigation 
G 	 1000 mm total application, 400 mm leaching and 600 mm irrigation 
H 	 1000 mm total application, 300 mm leaching and 700 mm irrigation 
I 	 1200 mm total application, 400 mm leaching and 800 mm irrigation 
J 	 1200 mm total application, 300 mm leaching and 900 mm irrigation 
Drainage is represented in the WAVE model as a downward flux through the bottom 
of the soil profile. The model provides the option to specify the required drainage 
rates as function of time. In other words, the actual distribution of the annual 
drainage required throughout the year can be varied. It can be carried out 
continuously over the whole year or concentrated in the winter period. In the 
203 
APPLICATION OF THE WAVE MODEL TO THE MAKHRAARAL REGION OF SOUTH 
KAZAKHSTAN 
simulations, a set of alternative drainage scenarios were used. These are presented in 
Table 7.3. The full set of irrigation and drainage scenarios that were considered is 
included in Appendix C. 
Crop yield response to water stress, salinity and waterlogging was used as an 
indicator for evaluating the performance of the different management scenarios. The 
scenarios considered allow assessment of the long-term combined effect of leaching 
and irrigation water applications, water table position and root zone salinity on crop 
yield. On the basis of this evaluation, efficient irrigation and drainage strategies that 
lead to long-term sustainable crop yield have been identified. 
Table: 7.3: Possible drainage scenarios 
Scenario 	Description 
1 	 No drainage 
2 	 100 mm continuous drainage at 2.274 mm per day 
3 	 100 mm total drainage at 0.662 mm per day in Jan, Feb, May, Nov 
and Dec 
4 	 200 inm continuous drainage at 0.548 mm per day 
5 	 200 mm total drainage at 1.099 mm per day in Jan, Feb, Mar, Oct, 
Nov and Dec 
6 	 200 mm total drainage at 1.325 mm per day in Jan, Feb, Mar, Nov 
and Dec 
7 	 300 mm continuous drainage at 0.822 mm per day 
8 	 300 mm total drainage at 1.648 mm per day in Jan, Feb, Mar, Oct, 
Nov and Dec 
9 	 300 mm total drainage at 1.987 mm per day in Jan, Feb, Mar, Nov 
and Dec 
10 	 400 mm continuous drainage at 1.096 mm per day 
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11 	 400 mm total drainage at 2.198 mm per day in Jan, Feb, Mar, Oct, 
Nov and Dec. 
12 	400 mm total drainage at 2.649 mm per day in Jan, Feb, Mar, Nov 
and Dec. 
13 	 500 mm continuous drainage at 1.370 mm per day. 
14 	500 mm total drainage at 2.747 mm per day in Jan, Feb, Mar, Oct, 
Nov and Dec. 
15 	 500 mm total drainage at 3.311 mm per day in Jan, Feb, Mar, Nov 
and Dec. 
16 	 550 mm continuous drainage at 1.507 mm per day. 
17 	 550 mm total drainage at 3.022 mm per day in Jan, Feb, Mar, Oct, 
Nov and Dec. 
18 	 550 mm total drainage at 3.642 mm per day in Jan, Feb, Mar, Nov 
and Dec. 
19 	 600 mm continuous drainage at 1.644 mm per day. 
20 	600 mm total drainage at 3.297 mm per day in Jan, Feb, Mar, Oct, 
Nov and Dec. 
21 	600 mm total drainage at 3.974 mm per day in Jan, Feb, Mar, Nov 
and Dec. 
The possible irrigation and drainage combinations are summarized in Table 7.4. 
Model stability problems can occur if the simulated watertable drops below the 
bottom boundary of the modelled soil profile. This can happen under scenarios with 
low irrigation water application and high drainage. Model stability problems can 
also occur when the simulated watertable reaches the modelled soil surface under 
scenarios of high irrigation water application and low drainage. Under each of these 
conditions, the WAVE model crashes and fails to complete the runs being carried 
out. Such scenarios were considered to be infeasible. 
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Irrigation Annual 	 Drainage Scenarios and Annual Depth Drained (mm) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Application 
Scenarios 0 100 100 200 200 200 300 300 300 400 400 400 500 500 500 550 550 550 600 600 600 
(mm) 
A 400 AOl A02 A03 A04 A05 A06 A07 A08 A09 A1O All Al2 A13 A14 A15 A16 A17 A18 A19 A20 A21 
B 400 80! 802 803 B04 B05 B06 B07 B08 B09 BlO BIl B12 B13 B 1 815 B16 B17 818 B19 B20 B21 
C 600 COI CO2 CO3 C04 C05 C06 C07 C08 C09 C10 CII C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 
D 800 DOl D02 D03 D04 D05 D06 D07 D08 D09 D10 DII D12 D13 D14 D15 D16 D17 DIE D19 D20 D21 
E 800 E0I E02 E03 E04 E05 E06 E07 E08 E09 ElO Eli E12 E13 E14 E15 E16 E17 E18 E19 E20 E21 
F 800 FOl F02 F03 F04 F05 F06 F07 F08 F09 FlO Fl! F12 F13 F14 F15 F16 F17 F18 F19 F20 F21 
G 1000 GOl G02 G03 G04 G05 G06 G07 008 009 GlO Gil 012 G13 014 015 G16 017 018 019 020 G21 
H 1000 801 1-102 H03 H04 H05 H06 H07 HOE H09 HI0 Hil H12 H13 H14 HIS H16 817 1-118 H19 1-120 H21 
1 1200 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 
J 1200 JOl J02 J03 J04 J05 J06 J07 J08 J09 J10 ill J12 J13 J14 315 J16 J17 JI8 J19 J20 J21 
206 
APPLICATION OF THE WAVE MODEL TO THE MAJU-ITAARAL REGION OF SOUTH 
KAZAKHSTAN 
7.4 	Scenario Evaluation 
The WAVE—MS model runs were started from the salinity values observed during 
the data collection programme. The 25-year runs gave valuable assessment of the 
cotton yield response to different irrigation and drainage combinations, and permitted 
identification of sustainable irrigation and drainage strategies. As the variations in 
soil characteristics between locations within each pilot area are small, one location in 
each pilot area was chosen to be representative of the area. 
7.41 Crop Water Requirements 
In the irrigation scenarios listed in Table 7.2, total water applications ranged from 
100 mm to 1200 mm. Some scenarios have the same water application, but have 
different distributions of water application over the growing period. The objective 
was to examine the ability of the different irrigation scheduling scenarios to provide 
the soil rootzone with adequate moisture to meet a crop's transpiration requirements 
and to achieve acceptable and sustainable yield. 
Figure 7.12 shows the effect of water stress on crop transpiration under selected 
irrigation and drainage scenarios averaged over the last 10 years of simulation at 
Karaoi. There was no soil salinity problem over the simulation period so reductions 
in crop transpiration and yield are attributed to soil water stress alone. It is clear that 
water applications under scenarios A02, C05 and D09 are inadequate to satisfy crop 
consumptive use. Under scenarios E06, F06, G12, Hil, 119 and J19, more than 90% 
of the crop water requirements were met. The most suitable scenarios are those that 
minimise irrigation and drainage, while maintaining sustainable conditions. The 
indications are that water applications of 800 mm are required, accompanied by 200 
mm of drainage. 
In the Makhtali and Birlik areas, there is a salinity problem. Soil salinity values are 
above the threshold value, so that reduction in crop transpiration and yield are related 
to the combined effect of water stress and salinity. Figure 7.13 shows the reduction 
in crop transpiration at Birlik due to the combined effect of water stress and salinity 
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under selected scenarios (averaged over the last ten years). Interestingly a water 
application of 800 mm, accompanied by 200 mm of drainage again produces 
reasonably high yields. 
The effect of water stress on crop transpiration under different 
irrigation scenarios at Karaoi, location P3 
	
I 	 -- 







A02 	C05 	D09 	E06 	F06 	G12 	HIl 	119 	J19 
Scenario 
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Figure 7.12: Reduction in crop transpiration under different irrigation 
and drainage scenarios at Karaoi area, location P3 
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The effect of water stress on crop transpiration under different 
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Figure 713: Reduction in crop transpiration under different irrigation 
and drainage scenarios at Birlik area, location P3 
7.4.2 Salinity Build up 
The reasons for salinity build up in the rootzone since the early 1990s were 
insufficient leaching applications and inadequate drainage. For the Karaoi area, 
where there was no salinity problem at the start of simulation. The rate of salinity 
build up in the rootzone over the simulation period was more rapid than in the other 
pilot areas for most scenarios. 
With leaching amounts of 300 - 400 mm, the rate of salt accumulation in the 
rootzone depends mainly on the drainage rate. The higher the drainage rate, the lower 
the salt accumulations in the soil profile. Figure 7.14 shows salinity build up in the 
rootzone at Karaoi under scenarios of low drainage. Under the conditions of this 
scenario, salinity increases significantly due to low drainage rates, but remained 
below the salt-tolerance threshold value over the simulation period. Only 57% of 
maximum yield can be achieved, however because of water stress. The simulation 
results indicate that to achieve acceptable crop yields, and to maintain rootzone 
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salinity within acceptable limits in the long-term, leaching application of 300 - 400 
mm accompanied by 900 mm or irrigation and 600 mm of drainage is requried 
(Figure 7.15). This produces a sustainable relative crop yield of 93%. Drainage of 
less than 600 mm may cause watertable rise, which in turn will contribute to salinity 
build up in the rootzone. Figure 7.16 shows a scenario with lowere irrigation and 
drainage. With lower drainage, the water table rises significantly. Less irrigation is 
required as the water table will contribute to crop consumptive use, but the rootzone 
salinity continues to rise, and there is no indication that it is stabilising as in Figure 
7.15. 
In the Makhtali area, rootzone soil salinity was above the salt-tolerance threshold at 
the start of simulation. Even under low irrigation applications and low drainage rates, 
soil salinity can be controlled, but not below the threshold value for salinity stress. 
This is demonstrated in Figure 7.17. Salinity fluctuates within the same band 
throughout the simulation and there is no trend of increasing salinity. The reason for 
this is that the water table is relatively deep and the amount of salts added to the 
profile through irrigation in balance with the amount of salts removed from the 
profile by leaching and drainage. Under the conditions of this scenario, the plant is 
under salinity stress over the simulation period, but the salinity stress is not severe 
and reduces crop yield by only 9%. There is a further 41% of yield reduction caused 
by water stress. It is of interest to note that with moderate drainage, salinity can be 
controlled, but the yield reduction due to water stress is unlikely to be acceptable. 
To improve yield requires more irrigation, which in turn requires more drainage. On 
a long-term basis, rootzone soil salinity can be maintained below the salt-tolerance 
threshold with adequate annual drainage (400 mm) coupled with appropriate 
leaching applications (400 mm), and 600 mm of irrigation. This scenario produces 
90% of maximum yield. Figure 7.18 shows a sustainable scenario that maintains 
rootzone salinity below the salt-tolerance threshold. The highest sustainable crop 
yield of 98% can be achieved with water applications of 1200 min coupled with high 
drainage rate of 550 mm continuous at 1.507 mm per day (scenario J16). This is 
demonstrated in Figure 7.19. 
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The effect of scenario A02 (300 mm Leaching, 100 mm Irrigation and 100 
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Figure 7.14: Salinity build up in the rootzone under scenario of low 
drainage at Karaoi area, location P3 
The effect of scenario J19 (300 mm Leaching, 900 mm Irrigation, 600 mm 
Drainage) on salinity build up in the rootzone at Karaoi, location P3 
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Figure 7.15: Salinity build up in the rootzone under scenario of high 
drainage at Karaoi area, location P3 
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The effect of scenario E06 (300 mm Leaching, 500 mm Irrigation, 200 mm 
Drainage) on salinity build up in the rootzone at Karaoi, location P3 
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Figure 7.16: Salinity build up in the rootzone under scenario of relatively 
high water application and low drainage at Karaoi area, location P3 
The effect of scenario A02 (300 mm Leaching, 100 mm Irrigation and 100 
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Figure 7.17: Salinity build up at Makhtali area, location P9 under 
conditions of low water applications and low drainage 
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The effect of scenario G12 (400 mm Leaching, 600 mm Irrigation, 400 mm 
Drainage) on salinity build up in the rootzone at Makhtali. location P9 
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Figure 7.18: Salinity build up at Makhtali area, location P9 under 
adequate irrigation and drainage combinations 
The effect of scenario J16 (300 mm Leaching, 900 mm Irrigation, 550 mm 
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Figure 7.19: Salinity build up at Makhtali area, location P9 under 
optimum irrigation and drainage combinations 
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In the Birlik area, the initial soil salinity was high. Figure 7.20 shows that soil 
salinity decreased during the first year of simulation even under a low drainage rate. 
However, salinity remains above the salt-tolerance threshold for part of the time in 
every year, resulting in some salinity stress. Figure 7.20 is similar to Figure 7.17 in 
that root zone salinity appears to be in dynamic equilibrium. However, crop yields 
would be very low as a result of water stress. Figure 7.21 shows the effect of 
optimum irrigation, leaching and drainage combinations on salinity build up in the 
rootzone as well as on watertable depth. This optimum scenario of 550 mm per 
annum drainage has led to sharp decrease in soil salinity in the rootzone from the 
initial value during the first years of simulation. Under this scenario, soil salinity 
remained under 0.3% over the last ten years of simulation with no impact on crop 
transpiration and yield. The penalty is of course water applications are of the order 
of 1200 mm in order to produce maximum crop yields. 
The effect of scenario A03 (300 mm Leaching, 100 mm Irrigation and 100 
mm Drainage) on salinity build up in the rootzone at Birlik, location P3 
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Figure 7.20: Salinity build up at Birlik area, location P3 under low 
drainage scenario 
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The effect of scenario J16 (300 mm Leaching, 900 mm Irrigation and 550 
mm Drainage) on salinity build up in the rootzone at Birlik, location P3 
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Figure 7.21: Salinity build up at Birlik area, location P3 under optimum 
irrigation and drainage combinations 
7.4.3 Crop Yield 
The combined effects of water stress, salinity and water logging on crop yield at each 
representative site, along with other assessment parameters, are presented in 
Appendix D for each pilot area. A large number of combinations of water supply, 
leaching amount and drainage rate produce yields of >80%. However, with 
scenarios of low drainage, crop yields in the Makhtali and Birlik pilot areas continue 
to decline as a result of salinity build up in the rootzone. To achieve a high yield in 
these areas requires annual water supply of at least 1000 mm along with drainage of 
at least 400 mm. Figure 7.22 shows the decline in crop yield at Makhtali due to 
salinity stress under scenarios of low drainage. In the Karaoi area, as there was no 
salinity effect, there was no decline in crop yield and a high average yield over the 
last 10 years of simulation can be achieved even with a water application of about 
800 mm and annual drainage of about 300 mm. Karaoi is close to the collector 
drain and natural drainage is therefore good. However, under such low water 
applications and low drainage, there is a significant increase in the soil salinity and a 
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decline in crop yield would occur eventually when the salinity level exceeds the 
threshold value. Figure 7.23 shows simulated cotton yield at Karaoi, location P3. 
The Simulation results also indicate that, the effect of water stress on crop yield is 
more significant than the effect of salinity stress. There are scenarios that can 
produce stability in salinity levels with only modest salinity stress, but these are 
generally associated with low irrigation applications and significant water stress. 
The decline in crop yield under scenarios of poor drainage as a result to 
the salinity build up in the rootzone (200-300 mm Leaching, 100-200 mm 
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Figure 7.22: Crop yield at Makhtali under low water application and 
poor drainage 
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Cotton yield at Karaoi area, location P3 
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Figure 7.23: Simulated cotton yield at Karaoi, location P3 under 
different scenarios 
To examine the influence of drainage timing on crop yield, scenarios that apply the 
same amount of leaching and irrigation and only differ in the timing of drainage were 
compared. Figure 7.24 shows the effect of drainage timing on the simulated crop 
yield at Karaoi. Results indicate that timing of drainage is not important and it has 
only a slight impact on simulated yield. Scenarios providing continuous drainage 
over 12 months (Gb, H10, 119) produce slightly higher yield than those providing 
drainage only in 5 or 6 months (Gil, G12, Hil, 120, 121). The differences in yield 
are attributed to the slight effect of waterlogging under the scenarios providing 
drainage for only 5 or 6 months. Under some scenarios (especially those with 1000 
mm water applications H10 and Hi 1) timing of drainage has no effect on simulated 
crop yield as there was no waterlogging problem. 
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Figure 724: The effect of drainage timing on crop yield at Karaoi area, 
location P3 
7.4.4 Sustainability 
Irrigated agriculture in and and semi-arid regions often has negative environmental 
impacts. The main challenges for sustainable irrigated agriculture in and and semi-
arid regions are in preventing soil salinity, water logging and other soil degradation 
processes. In arid and semi-arid regions, maintaining soil salinity at acceptable levels 
for crop production generally requires adequate leaching and the provision of 
efficient drainage. 
The sustainability of agriculture in and and semi-arid regions depends on the salt 
concentration in the soil profile (Stamford et al., 2002). According to Denison et al., 
(2004), sustainable agricultural production means achieving acceptable levels of crop 
yield over the long-tenTn without any damage to the soil. In other words, it may be 
defined as the ability to produce adequate food from irrigation agriculture, without 
harming soil and water resources, or the environment. For example, practices that 
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lead to waterlogging and/or significant increase in soil salinity, which in turn lead to 
a decrease in the crop yield, are unsustainable. When parameters or criteria are 
selected to evaluate agricultural sustainability, there should be no trends in these 
parameters (Rasul and Thapa, 2004). In the evaluation of the simulated irrigation 
and drainage scenarios considered in this thesis, sustainability is assessed on the 
basis of long-term trends in rootzone salinity. The recent irrigation and drainage 
practice in the Makhtaaral Region of Kazakhstan is an example of unsustainable 
practice that caused a dramatic increase in soil salinity and resulted in reduced crop 
yield. If current irrigation and drainage practices in this area were to continue, 
significant environmental and economic damage would result from a rising 
watertable, soil salinisation, and waterlogging. Crop yields would continue to 
decline. 
The sustainability of irrigation and drainage scenarios must be considered along with 
the crop return per unit of water applied and per unit of drainage. In the modelling 
procedure of this research, crop return per unit of water applied and unit of drainage 
is evaluated through the Cost-Benefit Index, as discussed in section 7.3.2. Some 
scenarios can be sustainable but they are not economic as the crop return per unit of 
water and unit of drainage (Cost-Benefit Index) is low. The higher the Cost-Benefit 
Index the higher the crop returns per unit of water applied and unit of drainage. 
Appendix B presents the simulation results in terms of sustainability and Cost-
Benefit Index. 
Simulation results indicate that, in the Makhtali and Birlik areas, many irrigation, 
leaching and drainage combinations with yields of> 80% can be sustainable as soil 
salinity in the rootzone under these scenarios is kept stable and below the threshold 
value. Figure 7.25 and 7.26 show comparisons between selected sustainable 
scenarios in terms of Cost-Benefit Index at Makhtali and Birlik respectively. On the 
basis of this comparison, it is obvious that scenario J16 at Makhtali and Birlik have 
the highest Cost-Benefit Index and can be chosen as an optimal irrigation and 
drainage combination. Some scenarios of low crop yield achieved sustainability, for 
example, A02, A03, B02 and B03 are sustainable but the Cost-Benefit Index is low. 
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The Cost-Benefit Index of the other scenarios used in the comparison is relatively 
high because crop yield under these scenarios is high. 
In Karaoi, many irrigation, leaching and drainage combinations achieved high yields 
as well as high Cost-Benefit Index. For example, scenario J19 achieved 92% of the 
potential yield with Cost-Benefit Index of about 88. However, there was a significant 
increase in the rootzone salinity under all scenarios and none of the combinations 
achieved sustainability. Tables 7.5, 7.6 and 7.7 provide a summary of model results 
for Karaoi, Birlik and Makhtali areas respectively. 
Cost-Benefit Index (CBI) for some selected sustainable irrigation and drainage scenarios 
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Figure 7.25: Cost-Benefit Index for some selected scenarios (Makhtali, 
location 139) 
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Cost-Benefit Index (CBI) for some selected sustainable Irrigation and drainage scenarios 
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Figure 7.26: Cost-Benefit Index for some selected scenarios (Birlik, 
location P3) 
Table 7.5: Summary of model results, Karaoi soil characteristics 
Scenario 	Results 
A02, A03 	Insufficient water supply, no salinity or waterlogging problems. 
However, salinity increases significantly due to low drainage 
rates. Low yield of 56%-63%. Unsustainable. 
B02, B03 	Inadequate water supply, no salinity or waterlogging problems. 
Salinity increases significantly due to low drainage rates. Low 
yield of 58%. Unsustainable. 
COS, C06 	Insufficient water supply. Inadequate drainage resulting in 
significant salinity builds up. Average yield of 70% has been 
achieved. Unsustainable. 
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D07, D08, D09 	Yields about 77%-80%, constrained by water supply, no salinity 
or waterlogging problem. Significant salinity build up. 
Unsustainable. 
E05, E06, F06 	Soil salinity is below the threshold value, high average yield of 
88% has been achieved; soil salinity increases significantly due 
to inadequate drainage. Unsustainable. 
E07, E08, E09 	Reduced yield of about 76%-79% because drainage too high. 
F07 	 There is still significant increase in rootzone salinity. 
Unsustainable. 
GlO, Gil, G12, High average yield of 88% - 90% has been achieved. No salinity 
H10, 1111 or waterlogging effect. Salinity build up in rootzone is relatively 
slow. 	There 	is still 	need 	to 	increase 	drainage 	rates. 
Unsustainable. 
119, 120, J19 Adequate water supply and no salinity or waterlogging problem. 
Unsustainable practice as there was soil salinity increases very 
slightly over the simulation period. High yield of 89%-93%. 
Cost-Benefit Index 85-89. 
Table 7.6: Summary of Model results, Birlik soil characteristics 
Scenario Results 
A03 Progressive yield reduction due to salinity and inadequate water 
supply. 	Although, 	this 	scenario 	achieved 	sustainability, 	soil 
salinity is still above the threshold value due to inadequate 
drainage rate. Low yield of 55%. 
B02 Inadequate water supply, and inadequate drainage resulting in 
salinity build up and declining yields. Sustainable yield of 52%. 
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C04, C05 	Sustainable practice. 	Inadequate water supply, no salinity 
problem over the last 10 years. Average yield of 71% has been 
achieved. 
D07, D08, D09, All are sustainable. Inadequate water supply, there is no 
waterlogging or salinity problem. Water stress is the only 
effecting factor on crop yield. Sustainable high yields of 79%. 
F05, F06 	Sustainable practice. There was waterlogging problem in addition 
to water stress. Average yield is about 85%. 
Gb, Gil, G12 Sustainable yield of about 88%. Insufficient water supply, 
reduction in yield is due to water stress only. Relatively high 
Cost-Benefit Index of 85. 
116 	 Sufficient water supply, and adequate leaching and drainage 
resulting in high yield of 95%. High Cost-Benefit Index of 91. 
117,118 	85% average yield. Waterlogging problem exist. These scenarios 
achieved relatively high Cost-Benefit Index of about 84. 
J16, J17 	Adequate water supply. Slight waterlogging problem exist in 
some years. Very high yields of 96%-98% have been achieved. 
These scenarios achieved the highest Cost-Benefit Index of 92-94. 
Table 7.7: Summary of Model results, Makhtali soil characteristics 
Scenario 	Results 
A02, A03, B02, 	Water applications are inadequate. Although these scenarios are 
B03 	 sustainable, they achieved low yield of 52%-54%. Salinity is 
remained stable above the threshold value. Low Cost-Benefit 
Index. 
Gil, G12 	Sustainable high yield of 90% has been achieved. No 
waterlogging or salinity problems. The reduction in yield is 
attributed to water stress. 
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117,118 	Sufficient water application and no salinity problem. 16% yield 
reduction due to waterlogging problem. 
J16 	 High average yield of 98%. No salinity or waterlogging 
problems. Highest Cost-Benefit Index of 94. 
J17, J18 	Reduced yield of 83% due to water logging problem. 
7.4.5 Identifying the optimum irrigation and drainage 
scenarios 
On the basis of the analysis given in the previous sections, the irrigation and drainage 
- 	scenarios resulting in highest sustainable yields require 300 - 400 mm leaching and 
800 - 900 mm irrigation, accompanied by 550 mm of drainage. This amount is 
sufficient to meet the crop water requirements, keep soil salinity in the rootzone 
under control and below the critical value for salinity stress, and produce a 
sustainable relative crop yield >85%. Figure 7.27 presents crop yield under one of 
the chosen irrigation and drainage scenario in the Birlik area. The scenario is 
sustainable, kept soil salinity around 0.30% and produced an average crop yield of 
about 98% over the last 10 years of simulation. According to these results, crop 
yield response to irrigation and drainage management in the project area can be 
improved and efficient strategies can be identified but largely due to the fact that the 
cost of irrigation and drainage is very low relative to the crop return, and probably 
not economic. Figure 7.28 shows the effect of the proposed scenarios on crop yield 
at Makhtali areas. Even though there was waterlogging problem in early years of the 
simulation period, soil salinity was kept under control around 0.30% and 98% of 
potential yield has been achieved over the last 10 years of simulation. 
In Karaoi, initial soil salinity values at the start of the simulation were very low. As a 
result, there was an increase in soil salinity over the simulation period even under 
scenarios of high water application and high drainage rate. Another run was carried 
out in which soil salinity value at the end of the simulation period was used as initial 
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value. It has been found that, soil salinity levelled out below the threshold values and 
many scenarios of high water application and high drainage rate are sustainable. 
With Karaoi characteristics, 600 mm drainage is required along with 300 mm 
leaching and 900 mm irrigation. Figure 7.29 shows the effect of optimum irrigation 
and drainage combinations on salinity build up in the rootzone. This scenario 
achieved very high cotton yield of 94% with Cost-Benefit Index of 90. This is 
demonstrated in Figure 7.30. 
The effect of scenario J16 (300 mm Leaching, 900 mm Irrigation and 550 
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Figure 7.27: The effect of the recommended scenario on crop yield at 
Birlik, location P3 
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The effect of scenario J16 (300 mm Leaching, 900 mm Irrigation and 550 
mm Drainage) on crop yield at Makhtali area, location P9 
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Figure 7.28: The effect of the recommended scenario on crop yield at 
Makhtali, location P9 
The effect of scenario J19 (300 mm Leaching, 900 mm Irrigation, 600 mm 
Drainage) on salinity build up in the rootzone at Karaoi, location P3 
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Figure 7.29: Salinity build up in the rootzone under optimum irrigation 
and drainage combinations at Karaoi area, location P3 
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The effect of scenario J19 (300 mm Leaching, 900 mm Irrigation and 600 
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Figure 7.30: The effect of the recommended scenario on crop yield at 
Karaoi, location P3 
7.4.6 Wider Issues 
The optimal irrigation and drainage scenarios all require significantly higher water 
applications than has been possible with available resources in recent years. Recent 
main canal diversions (controlled in Uzbekistan) would not be sufficient to provide 
the project with the required amount of water required for optimal cropping, 
especially during sensitive crop stages. With the amount of water available for 
irrigation in recent years (400-500 mm), sustainable scenarios are possible, but not 
with a reasonable Cost-Benefit Index described, could be applied. Typically yield 
losses through water stress would be of the order of 50%. The lowest amount of 
water required for a sustainable scenario with a high Cost-Benefit Index in the 
Makhtali area is 1000 mm (scenario Gil and G12), which is significantly higher 
than the amounts recently available. This scenario achieved 90% of potential yield 
with Cost-Benefit Index of 87. At Birlik the lowest amount of water required for 
sustainable crop production at an acceptable return is 600 mm (Scenario C04 and 
C05), which is still higher than the amount available. 
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There is clearly an urgent need for international agreement to increase water 
deliveries to the project from the Syr Darya River in order to apply the results 
achieved through this research. It should be noted of course that had higher 
deliveries been made in recent years in the absence of drainage, soil salinity would 
be much worse than it now is. 
Irrigation from both the Syr Darya and the Amu Darya rivers has caused significant 
environmental damage to the Aral Sea, which is well documented, and to the 
irrigated lands which were affected by salinity due to poor drainage. In downstream 
areas, more than 50% of the irrigated lands are classified as moderately to highly 
saline. The effect on the environment of the Aral Sea basin includes changes in 
temperature and precipitation. Temperature increased by just less than 1 °C, and the 
annual total precipitation reduced by 16 mm (Cai et al., 2003). Increasing water 
withdrawal from the river will impact on flow release to the Aral Sea, but on the 
other hand a significant population is now dependent upon irrigated agriculture, and 
much of the damage to the Aral Sea is probably irreversible. A dam is currently 
being constructed across the sea to maintain a smaller but more permanent water 
body. 
It is, however, necessary to explore alternative water resources management and to 
decrease if possible abstractions from the Syr Darya River. Cropping patterns could 
be changed for example and farmers encouraged to concentrate on crops with lower 
water requirements than cotton. This is also recommended by Cai et al., (2003). They 
suggested reducing the area planted with cotton, from 60% to 40% of the total 
irrigated area. Cotton is a high salt tolerance crop but has high water consumption. 
The area planted with wheat and maize could be increased from 10% to 32% of the 
total irrigated area. 
229 
APPLICATION OF THE WAVE MODEL TO THE MAKHTAARAL REGION OF SOUTH 
KAZAKHSTAN 
7.5 Conclusions 
In this chapter, the model runs carried out in the evaluation of the current irrigation 
and drainage practices were presented. According to the results of these runs, cotton 
yield in the area would be reduced to a very low level within 25 years if irrigation 
and drainage practices are not changed. Inadequacy in water applications and 
increasing soil salinity are brining about this reduction. 
The main objective of this research has been achieved as efficient sustainable 
irrigation and drainage strategies have been identified. The WAVE_MS model along 
with C YIELD, has been used to assess long term impact of alternative irrigation 
and drainage scenarios on crop transpiration, salinity build up in the rootzone and 
subsequently on crop yield. The objective was to produce a high sustainable crop 
yield per unit of water applied and unit of drainage. Low water application and low 
drainage can be sustainable but crop yields would be very low (less than 50% of 
potential). The best cotton yield would be achieved with water applications of about 
1200 mm accompanied with annual drainage of 550 mm. In addition, leaching 
applications should not be less than 200 mm. The timing of drainage is not 
important, but providing continuous drainage over 12 months produces slightly 
higher yield than when drainage is only provided for 5 or 6 months of the year. In 
the Karaoi area 600 mm annual drainage is required for sustainability. 
Available water is not sufficient at the present time to provide the project with the 
required irrigation water, especially during the sensitive crop stages. Accordingly, 
there is an urgent need for international agreement to increase water deliveries to the 
project from the Syr Darya River. This may not be possible due to the environmental 
problems associated with excessive depletion from the Syr Darya River. The 
cropping pattern could be changed to crops of low water requirements. The area 
planted predominantly with cotton, which has a high water requirement but is salt 
tolerant. The area of cotton could be reduced and the area planted with wheat and 
maize increased. 
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The conclusions drawn above are subject to the limitations of model calibration that 
have been highlighted in Chapter 6. Confidence in model calibration is limited by 
the number and quality of soil moisture tension and salinity data. This may influence 
the reliability of simulations of soil water and salinity stress on crop transpiration and 
yield. More frequent field data of good quality are required to validate the 







The research carried out for this thesis investigated the implementation of 
mathematical modelling techniques for irrigation water management. The 
improvement of the WAVE model and application of the WAVE_MS model to the 
Makhtaaral region of South Kazakhstan has been presented and its effectiveness in 
identifying optimal irrigation and drainage water management strategies that 
maximise crop yield has been analysed. WAVE—MS model performance has been 
evaluated against field data collected from pilot areas in Makhtaaral. This chapter 
summarises the research reported in this thesis, outlining the limitations of the 
research and making recommendations for further work. 
Following this introduction, section 8.2 presents the achievement of the research. 
Section 8.3 outlines the limitations and section 8.4 presents recommendations for 
further work. 
8.2 	Achievement of the Research 
The research presented in this thesis is made up of three main parts. The first part of 
the thesis presented the improvements made to the WAVE model. The second part 
investigated the model performance in predicting soil moisture and salinity levels in 
the vadose zone. Finally, the WAVE—MS model was applied in the evaluation of the 
current irrigation and drainage practices and in the establishment of optimal 
irrigation and drainage strategies for the Makhtaaral region of South Kazakhstan. 
Major achievements of the thesis and the contributions of each part are presented 
below. 
CONCLUSION 
Chapter 2 of the thesis presents a review of the basic concepts of evapotranspiration 
estimation procedures, the most important crop yield response functions, and the 
effect of water and salinity stress on crop growth and yield. Chapter 3 of the thesis 
presents an evaluation of some existing crop yield response functions. The relative 
sensitivity of each of these functions in application with the same water stress is 
presented. It also provides an examination of the accuracy of the functions in 
predicting crop yield under different levels of evapotranspiration deficit. In fact 
many of the functions produce identical results. In a comparison with experimental 
data, all functions gave reasonable predictions of yield under a range of water stress 
levels when using published seasonal yield coefficients. It is apparent that all 
functions would be suitable for yield response modelling. 	Yield response 
coefficients are influenced by local conditions, and a wider data set of coefficients 
than is currently available is desirable. 
In Chapter 4 of the thesis, a technical review of several variably saturated flow 
models is presented. It gives the most important theoretical concepts, discusses 
limitations and presents applications by researchers. Generally, all models presented 
have a similar conceptual basis and solve the same equations for simulating water 
and solute transport. However, WAVES and SWAP require input data that are not 
always readily available. UNSATCHEM is the only model that accounts for multi-
component solute transport with major ion equilibrium and kinetic chemistry in 
variably saturated flow, and has the ability to quantify crop yield response to water 
and salinity stress. However, it requires input salinity data in terms of soluble, 
adsorbed and precipitated salts and these data are not always available. It is not clear 
from the literature if the SALTMED model is capable of dealing a water table 
interface. It would appear that it can deal with a free drainage lower boundary or 
with an impermeable lower boundary, which by implication would result in build up 
of a saturated zone. There is not, however an ability to deal with controlled drainage, 
and this may limit its applicability. The WAVE model in its original form does not 
consider the effect of salinity stress on crop transpiration, which makes it less 
applicable under salinity conditions. The WAVE and HYDRUS-21) model are also 
limited in that they do not include crop production functions and are unable to 
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quantify the effect of water and salinity stress on crop yield. However, source code 
access to WAVE meant that these shortcomings could be addressed. 
The WAVE model was selected for use in this research, primarily because of source 
code access that would permit further model development with respect to 
incorporating the combined effects of water and salinity stress on actual 
evapotranspiration, and crop yield. The SWAP model code is now available (but had 
not been at the start of this research), and in future research it would be of interest to 
evaluate this model also. 
Chapter 5 of the thesis presents a brief review of the theory behind the WAVE 
model. The modifications made to the model as part of this research are outlined. 
The modifications have been successful. The test results verify that the WAVE_MS 
model is now capable of dealing with the combined effects of water and salinity 
stress as the crop transpiration calculated by the revised model was lower than that 
calculated using the original version once soil salinity exceeded the threshold value 
for salinity stress. Full verification of the modified model would require 
experimental lysimeter data that were not available for this research. 
In chapter 6 of the thesis data and parameters used for the model set-up and 
calibration are discussed in detail. In terms of soil moisture content and soil salinity, 
the calibration results were satisfactory. However, soil salinity and soil moisture 
tension calibration was restricted by the number and quality of the data from the pilot 
area data collection programme. Soil salinity and soil moisture tension calibration 
need to be improved when more data of good quality become available. The model 
would require re-calibration when more soil salinity data of good quality become 
available. An on-going field programme would permit more reliable calibration and 
validity of the model. The more data of good quality that can be collected the better 
will be model performance and confidence in model results. Generally, the 
reasonable agreement between observed and simulated soil moisture gives 
confidence that the WAVE—MS model can be used to predict long term water 
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balance as well as investigating long-term salinity build up in the root zone and the 
effect of moisture and salinity stress on crop yield. 
Some of the major contributions from the work on WAVE and WAVE MS are 
summarised below: 
Two weak points in the original WAVE model were identified. Firstly, it 
considers only the effect of soil water stress on crop transpiration; it does not take 
into account the effect salinity. Secondly, it is unable to assess the combined 
effect of irrigation water applications, leaching amounts, and drainage rate on 
crop yield since it does not include any crop yield response function in its crop 
growth module. 
A modified WAVE model called WAVE—MS that is applicable under water 
shortage and salinity conditions has been developed that includes the effect of 
salinity on crop transpiration. 
A set of values for the modified WAVE model parameters that provide the best 
performance in predicting soil moisture content, soil salinity and crop yield in the 
pilot areas used for the research were determined. 
Chapter 7 of the thesis presents the application of the WAVE—MS model to the 
Makhtaaral region of South Kazakhstan. The objective was to demonstrate the 
translation of the results of sophisticated modelling approaches into formats that will 
assist farmers in achieving sustainable management of their land and water 
resources. From the WAVE MS simulation outputs, it is clear that the irrigation 
supply to farmers has been inadequate in recent years. Irrigation applications for 
cotton have been significantly less than its requirements and there has been water 
stress during most of the growth period. Were current practices to continue there 
would be a continued decline in crop yields as a result of water stress and an ever 
increasing soil salinity. Low water application and low drainage can be sustainable 
but crop yields would be very low (less than 50% of potential). The best cotton yield 
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would be achieved with water applications of about 1200 mm accompanied with 
annual drainage of 550 mm. In addition, leaching applications should not be less 
than 200 mm. The timing of drainage is not important, but providing continuous 
drainage over 12 months produces slightly higher yield than when drainage is only 
provided for 5 or 6 months of the year. In the Karaoi area 600 mm annual drainage 
is required for sustainability. 
Some major achievements from this part of the research are summarised below: 
The long-term impact of the current irrigation and drainage practices on salinity 
build up and crop yield in the Makhtaaral region of South Kazakhstan has been 
demonstrated. 
. Efficient and economic irrigation and drainage strategies that maintain and 
improve crop production in the Makhtaaral region of South Kazakhstan have 
been identified. 
Water supply to the Makhtaaral region from the Doystick canal will have to be 
increased significantly if optimal crop yields are to be attained in the future. This 
will require international agreement. It should be noted, however, that had adequate 
water supplies been available over the last fifteen years, then in the absence of 
drainage, the salinity problems would in fact have been much worse than they now 
are. Restoring water supplies to the Makhtaaral region will contribute further to 
negative impacts in the downstream reaches of the Syr Darya River, and on the Aral 
Sea. Consideration should be given to changing cropping patterns and introducing 
crops with lower water requirements. A large number of people are, however, 
dependent upon irrigation in the Makhtaaral region for their livelihoods, and their 





8.3 	Limitations of the Research 
In the evaluation of crop yield response functions, the accuracy of these functions in 
predicting crop yield under different levels of water stress was examined using 
experimental evapotranspiration and yield data from New Zealand. No such data 
were available for Kazakhstan. The parameters of these functions can be location 
specific. The check against the New Zealand data indicated that the yield response 
functions produce reasonable but conservative results when used with published 
yield response coefficients. More reliable yield response assessments require 
experimentation on crop transpiration and yield under water and salinity stress in 
South Kazakhstan. 
Although Mott MacDonald initiated an extensive field data collection programme on 
three pilot areas, the data collected on soil moisture tension and soil salinity were few 
and of poor quality. This led to some calibration difficulties and may influence the 
reliability of simulations of soil water and salinity stress on crop transpiration and 
yield. Relative results between different simulation runs with the same parameter 
sets should, however, be reliable. 
8.4 	Recommendations for Further Research 
To conclude the thesis, the following recommendations are made for further research 
which could lead to more efficient water resources operation and management for 
irrigation in arid and semi-arid regions, and for the Makhtaaral region of Kazakhstan 
in particular. 
8.4.1 Field Data Collection 
In the Makhtaaral region, WAVE—MS model calibration was constrained by the 
limited number and quality of soil moisture tension and salinity data available. More 
frequent and careful monitoring of these field data are required. An on-going field 
programme would permit the validity of the simulation results to be re-assessed. The 
more data of good quality that can be collected the better will be model performance, 
and the value of predictions and management strategies produced. 
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8.4.2 Crop Transpiration 
There is a need for further research into the validity of the functions to determine the 
effects of water and salinity stress on crop transpiration. Few data could be found in 
the literature that would permit validation of the functions. Lysirneter experiments 
should be conducted for a cotton crop to investigate the effects of different levels of 
water and salinity stress on crop transpiration, and to permit validation of model 
parameters. 
A further recommendation is to use a multi-species salinity model. The objective is 
to develop a better understanding of the effect of individual salt ions on crop 
transpiration and yield. The electrical conductivity of the saturated soil extract 
(ECu ) is commonly used to assess the influence of salinity on crop yield and location 
specific relationships between EC and the total dissolved salts present can be 
developed. Clearly the species of salts present has a significant bearing on 
conductivity. However, a more deterministic approach in which EC, or osmotic 
pressure, is related directly to the species of salts present is preferable. An intention 
of this research was to use the UNSATCHEM model (Simunek et at., 1996). 
However, the data collected in relating to individual salt ion concentrations present in 
the soil, included no information on the proportions soluble, adsorbed or precipitated 
salts, which are required as input for the UNSATCHEM model. 
8.4.3 Crop Yield 
When cuiidering detailed crop yield studies and crop yield response to different 
levels of water stress during the different growth stages, a more inclusive approach is 
required, including the effects of fertilizer and pesticide application. A number of 
models do include crop growth modules, and combining these with the yield 
response functions developed for the WAVE_MS model would be valuable. 
8.4.4 General Modelling Capability 
The modelling approach developed in this research with the WAVE_MS model 
offers significant potential in the development of sustainable irrigation and drainage 
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management strategies. Parameterisation of the WAVE MS model, and other 
similar models, is difficult, however. Improvements are required in the way in which 
soils data are collected, and there is scope for the introduction automated approaches 
to model calibration. It would also be very valuable to carry out a series of model 
parameter sensitivity trials in order to identify clearly how sensitive crop 
transpiration is to variations in the key soil parameters. 
The UNSATCHEM model accounts for the effect of multi-species salinity on crop 
transpiration and yield, but surprisingly does not consider the amount of solutes that 
can be added to the soil profile through irrigation water. This makes it less applicable 
in areas where irrigation water is not of good quality. In addition, IJNSATCHEM is 
limited to a maximum simulation period of only 400 days. Moreover, the model uses 
the Stewart crop yield response function (Stewart et al., 1976) but assumes that the 
sensitivity of crop yield to water stress is constant and equal to 1.0. Different 
sensitivity to water deficits in different growth stages is ignored. The UINSATCHEM 
model was in fact set up using WRMLTIP data, but was not robust and prone to 
unexplained crashes. 
The WAVE MS model requires lesser data on crop, soil and climatic data than other 
models. The WAVE_MS model was found to be robust in simulating water and 
solute transport in the rootzone and had adequate capabilities in crop yield simulation 
when it linked to the crop response model. It offers wide range of options to identify 
most efficient irrigation and drainage management as it integrates soil moisture, crop 
transpiration, water table and solute transport on a daily basis. Verification of the 
simulated effects of salinity on actual evapotranspiration was not possible, and an 
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Appendices 
A. 	The Modified WATUPT.FOR Source Code 
This appendix contains the source code of the subroutine in which the actual crop 
transpiration functions were modified by incorporating the affect of salinity on crop 
transpiration. 
C1 # # # ### # # ######## ## # # ##### # ### # ############ ####### ## ###### ## # ## ## ## # # ## ### ### # # # # 
C 	IN 	: DRZ, DT, DX, EPA MIN INTC, ILINR, ISUCR, NCS, NDAY, 90, P1, 
C 92H, 92L, 93, PH, RNAM, RTDISTR, SIMPLANT, T, TB, TE, MC, X 
C 	OUT : IRZ, RTEX 
C CALLS: CALC WC, ROOT SUCROS 






INCLUDE 	CROP_CHAR. CON' 
DIMENSION WCWP (KTCOMPS) 
CPEV 496 NEW VARIABLES 
CPEV 4/96 RTEX(±) = (ALPHA(I)*FR POT ET(i)*Tpot+rest)/DX 
DIMENSION ALPHA RED(KT COMPS) 
DIMENSION RTEX1 )KTCOMPS) 
DIMENSION FR_POT_ET (KTCOMPS) 
INTEGER SP 
DOUBLE PRECISION REST 
CPEV 4/96 END DECLARATION NEW VARIABLES 
IF (.NOT.SIMPLANT) RETURN 
C 	DETERMINE ROOT LENGTH 
IF (ISUCR) DRZ(NDAY) = ROOT SUCROS)) 
CPEV 7/96 INTRODUCING CALC DIM ROOTS 
CPEV CALCULATE THE COMPARTMENTS IRA AND IRZ 
C 	IRA = COMPARTMENT FOR WHICH THE BOTTOM IS BELOW THE FIRST COMPARTMENT 
C IN WHICH THERE IS EXTRACTION 
C 	IRZ = COMPARTMENT FOR WHICH THE LOWER BOUNDARY IS LESS OR EQUAL TO DRZ 
C RNA = DEPTH ABOVE WHICH ROOTS ARE INACTIVE 
IF) DINT)T)-T.EQ.0.D0) CALL CALC DIM ROOTS(IRA,IRZ,RNA) 
CPEV 4/96 END OF CALCULATION OF IRA, IRZ AND RNA 
CPEV 4/96 CALCULATION OF RTEX1 
CPEV 4/96 1) CALCULATION OF FRACTIONS, FR-POT-ET 
CPEV 7/96 INTRODUCING CALCRTDISTR 
IF) DINT(T)-T.EQ.O.DO) CALL CALCRTDISTR(FRPOTET) 
260 
CPEV 4/96 2) CALCULATION OF RTEX1(I) 
DO 50 I = 1,IRZ 
RTEX1 (I) 	FR POT ET (I) * EPA WIN INTC/DX 
50 	CONTINUE 
CPEV 4/96 END OF CALCULATION RTEX1(I) 
CEPV 4/96 CALCULATION OF RTEX 
C 	IF ROOTS START EXTRACTING BELOW LOWEST COMPARTMENT (IRA > NCS) 
IF )IRA.GT.NCS) THEN 
DO 60 I = 1, NCS 
RTEX(i) = 0.D0 
60 	CONTINUE 
ELSE 
CPEV 	FOR COMPARTMENTS ABOVE IRA RTEX = 0, REST + SUN(RTEX)±), i= 1,IRZ-1) 
REST = 0 
DO 70 I = 1, IRA - 1 
REST = REST + RTEX1)I) 
RTEX(I) = ODD 
70 	CONTINUE 
CPEV 	CALCULATION OF ALPHA (reduction factor f(h)) 
P2=P2H 
IF(EPAMININTC.LT. 0. 1DO) THEN 
P2=P2L 
ELSE 
IF (EPA MIN INTC . LT. 0.500) 
$ 	P2=P2H+))0.5DD_EPAMININTC)/0.4D0)*)P2L_P2H) 
ENDIF 
DO 90 I=IRA,IRZ 
IF(PH)I).GT.P1) THEN 
IF )P0.GT.P1) THEN 
ALPHA RED)I)=DMAX1)(PD-PH)I))/)P0-P1),0.ODO) 
ELSE 




IF )PH)I).GT.P3) THEN 
IF (P3.LT.P2) THEN 
IF)ILIHR) THEN 






ALPHA RED(I) = 0.00 
ENDIF 
ELSE 
ALPHA RED(I) = 0.00 
ENDIF 
ELSE 
ALPHA RED(I) = 1.DO 
ENDIF 
90 	CONTINUE 
C MODIFIED 4/12/2002 TO INCLUDE THE EFFECT OF SALINITY ON CROP 
C 	TRANSPIRATION FOLLOWING THE APPROACH OUTLINED IN THE FAO 
C IRRIGATION AND DRAINAGE PAPER NO. 56 (Allen et al., 1998) 
IF (SIMSOL) THEN 
DO 91 1=1, IRZ 
DO 95 J=1,HPL 












DO 93 I=1,IRZ 
IF (ECE(I) .GT.A FACT) THEN 
SAL RED(I)=1.0B FACT* (ECE)I)-A FACT) 





C 	ROOT EXTRACTION RATE IS ALSO LIMITED TO AVOID EXTRACTION BELOW 
C WILTING POINT )WCWP) 
C 	CALCULATION OF WATER CONTENT AT WILTING POINT 
DO 100 I = IRA, IRZ 
WCWP (I) =CALC_WC (P3, I) 
100 	CONTINUE 
CPEV 	CALCULATION OF RTEX(1) FROM RTEX1, ALPHA-RED AND REST 
DO 110 I = IRA, IRZ 
RTEX(I)= DMAX1(0.D0, 
$ 	 DMIN1(ALPHA RED(I)*SAL RED(I)*(RTEX1(I)+REST), 
$ (WC(I)-WCWP(I))/DT) 
REST = DMAX1(REST-RTEX(I) + RTEX1(I)-RTEX(I),0.D0) 
110 	CONTINUE 
C 	RTEX(I)= 0 FOR COMPARTMENTS BELOW THE ROOT ZONE 
DO 120 I = IRZ+1, NCS 
RTEX(I) = 0.00 
120 	CONTINUE 
ENDIF 





C 	IN 	: ETO, HARVEST DATE, 
C IDVS, ISUCR, NDAY, PLANT DATE, RLAI, SIMPLANT, T, 
C 	OUT : AKC, DVS ACT, EPA, EPA MIN INTC, ESA, EVINTC, STOR 
C CALLS: DVS SUCROS, RLAISUCROS 
C4#Th####4(###################################4(#####(######################)###4(*# 





DATA KC NUM /1/ 
CPEV 	CALCULATION OF KC FACTOR 
IF (IDVS) THEN 
DVS ACT = DVSSUCROS() 
IF (KCNUM.EQ.1. AND. DVSACT.LE.DVSKC(])) THEN 
AKC = KC(KC MUM) 
ELSE IF (NC NUM.EQ.NR OF NC VALUES. AND. 
$ 	 DVSACT.GE.DVSKC(KCNUN)) THEN 
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ANC = NC)NC NUN) 
ELSE 
IF (DVS ACT.GT.DVSKC(KCNUM)) KC-NUM = KC NUN + 1 
ANC = NC)NC NUN - 1) + 
$ 	 (KC(NC NUN) 	- 	NC)KC NUM-1)) * 
$ (DVS ACT - DVS NC)NC NUN-i)) 
$ 	 DVS KC)NC NUN) - DVS NC)NC NUN-i)) 
EN DI F 
ELSE 
IF )KCNUN.EQ.1. AND. T.LE. (IDAYKC)i))) THEN 
ANC = NC)NC NUN) 
ELSE IF (NC NUN.EQ.NR OF KC VALUES. AND. 
$ 	 T.GE. (IDAY KC(NC NUN))) THEN 
ARC = NC )NC NUN) 
ELSE 
IF )T.GT. )IDAY NC )NC NUM))) KC-NUM = KC NUM + 1 
ARC 	NC)NC NUN - 1) + 
$ 	 (NC (NC_NUN) 	- 	KC(NC NUM-1)) * 
$ )T 	 - (IDAYNC (NC_NUN-i) ( ) / 
$ 	 ((IDAYKC)NCNUM))-)IDAYNC)KCNUN-i))) 
ENDIF 
EN DI F 
IF)ISUCR) RLAI(NDAY) = RLAISUCROS)) 
CPEV 	IF(.NOT.SINPLANT) ANC = i.ODO 
ETOAANC*ETO (NDAY) 
ESA= DEXP )O. 6DO RLAI )NDAY) ) *5J 
EPA=ETOA-ESA 
C 	ACCOUNT FOR THE EVAPORATION OF INTERCEPTED WATER 
EVINTC = DNIN1 (STOR , EPA) 
EPA WIN INTC = EPA - EVINTC 
STOR = STOR - EVINTC 
END 
DOUBLE PRECISION FUNCTION CALC WAT DRZ(DAY) 




CALC NAT DRZ = DRZ)DAY( 
RETURN 
END 
DOUBLE PRECISION FUNCTION CALCRTEX(NROFCONP) 
IMPLICIT DOUBLE PRECISION (A-H 2 O-Z( 
INCLUDE 'CONSTANT' 
INCLUDE 	'WAT.CON' 
CALC_RTEX = RTEX)NROFCONP) 
RETURN 
END 
DOUBLE PRECISION FUNCTION CALCWATREDUCTCROW )( 











IF )EPA.EQ.0.DO) THEN 
CALCWATREDUCTGROW = 0.00 
ELSE 
CHAR 6/12/1995 
CALCWATREDUCTGROW 	DMIN1 ( ( (TRANSP ACT+EV INTC) /EPA) .1. DO) 
ENDIF 
END 
SUBROUTINE CALC DIM ROOTS (IRA, IRZ,RNA) 




C 	IRA = COMPARTMENT FOR WHICH THE BOTTOM IS BELOW THE FIRST COMPARTMENT 
C IN WHICH THERE IS EXTRACTION 
C 	IRZ = COMPARTMENT FOR WHICH THE LOWER BOUNDARY IS LESS OR EQUAL TO DRZ 
C RNA = DEPTH ABOVE WHICH ROOTS ARE INACTIVE 
CPEV INACTIVATION OF THE ROOTS NEAR THE SURFACE AFTER TB 
IF(T.GE.TB) THEN 
C 	NOTE THAT THE INACTIVE ROOTZONE CAN RE AT MOST THE COMPLETE 
C ROOT ZONE DEFINED BY DRZ 
IF (TE.EQ.TB) THEN 
RNA = DHAX1(RNAM,DRZ(NDAY)) 
ELSE 





IRA = 1 
10 	IFNX)IRA)-DX/2.).GE.RNA)THEN 
IRA=IRA + 1 
IF (IRA.LE.NCS) GOTO 10 
ENDIF 
IRZ = IRA 
IF (IRA.LE.NCS) THEN 
C 	DETERMINE COMPARTMENT FOR WHICH THE LOWER BOUNDARY IS 
C LESS OR EQUAL TO DRZ )IRZ) 
20 	IF((X(IRZ)-DX/2.).GT.DRZ(HDAY))THEN 
IRZ = IRZ +1 
IF )IRZ .LE.NCS) GOTO 20 
ENDIF 
ENDIF 
IRZ = MIN(IRZ, NCS) 
RETURN 
END 
SUBROUTINE CALC _RT_DISTR (FRACTIONS) 





CALL CALC DIM ROOTS (IRA, IRZ, RNA) 
SUM OFRTDISTR = ODD 
IF (IRA.NE.IRZ) THEN 
SUMOFRTDISTR = RTDISTR(IRA)* (RNA - (X(IRA(-DX/2j)/DX 
DO 30 I = IRA+1,IRZ -1 
SUMOFRTDISTR = SUN OF RT DISTR + RTDISTR(I) 
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30 	CONTINUE 
C FOR LAST COMPARTMENT CORRECT FOR PARTIAL UPTAKE 
SUMOFRTDISTR = SUM OF RT DISTR+RT DISTR(IRZ) * 
$ 	 ((DX/2j+X(IRZ)-DRZ(NDAY))/DX 
ELSE 
CPEV ALL EXTRACTION FROM 1 COMPARTMENT (IRA = IRA) 
SUMOFRTDISTR = (RNA - DRZ(NDAY))/DX 
ENDIF 
IF (SUMOFRTDISTR.GT.0.D0) THEN 
DO 35 I = 1, IRA-1 
FRACTIONS(I) = 0.D0 
35 	CONTINUE 
DO 40 I = IRA, IRZ 
FRACTIONS(I) = RT DISTR(I) /SUMOFRTDISTR 
40 	CONTINUE 
C FOR FIRST & LAST COMPARTMENT CORRECT FOR PARTIAL UPTAKE 
IF (IRA.NE.IRZ) THEN 
FRACTIONS(IRA) = (RTDISTR(IRA)*(RNA - (X(IRA)-DX/2.))/DX) 
$ 	 /SUM OF RT DISTR 
FRACTIONS(IRZ) = (RTDISTR(IRZ)*((DX/2.)+X(IRZ)_DRZ(NDAY)) 
$ 	 /DX) 
$ /SUMOFRTDISTR 
ELSE 
CPEV 	IRA = IRZ (ALL EXTRACTION FROM 1 COMPARTMENT) 
FRACTIONS(IRA) = 1.00 
ENDIF 
ELSE 
DO 45 I = 1, IRZ 






B. The source code for the new subroutine 
CROP_CHAR.FOR 
This appendix contains the source code of the new subroutine CROP_CHAR. FOR 
which developed to read the additional input data required by the new concepts 
incorporated. 
SUBROUTINE CROP CHAR)) 
C Subroutine to read crop data for yield reduction and reduction in water uptake 
IMPLICIT DOUBLE PRECISION (A-H 2 O-Z) 
INCLUDE ICROPCHAR.COMI 





C Read cropping data 
C 
OPEN (7, FILE="CROP CHAR. DAT') 
READ(7,'(A)') TITLE 
READ (7 *) NUM STAGES 
READ(7, *) (STAGE LENGTH(I) ,I=l,NUM STAGES) 
READ(7, *) (YREDWATER)I) ,I=l,NUM STAGES) 
READ)7, *) A FACT, B_FACT 
WRITE)*, )3(A,F7.2)) ') " A_FACT = ",A—FACT," B_FACT = 
$ B_FACT 
PAUSE 
READ)7,*) DAY PLNT, MONTH PLNT, YEAR—PLNT 





C. Irrigation and Drainage Scenarios 
The following tables show the amount of water applied and time of application as 
well as the annual drainage, drainage timing and drainage rate for the irrigation and 
drainage scenarios that were considered. 
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Possible irrigation and leaching scenarios 
Annual Scenario 15/01 30/01 15/02 28/02 15/03 30/03 
Application  
15/05 31/05 15/06 30/06 15/07 30/07 15/08 30/08 15/09 
400 mm A  100 100 100  50  50  
400 mm B  100 100  100  100  
600 mm C  100 100 100  100  100  100  
800 mm D 100 100 100 100  100 100 100  100  
800 mm E  100 100 100  100 100 100 100 100  
800 mm F  100 100  100 100 100 100 100 100  
1000 mm G 100 100 100 100  100 100 100 100 100 100  
1000 mm H  100 100 100 _____ _____ _____ 100 100 100 100 100 100 100  
1200 mm I 100 100 100 100____  100 100 100 100 100 100 100 100 
1200 mm J _____ 100 100 100______ _____ 100 100 100 100 100 100 100 100 100 
Possible drainage scenarios - flux rates in mmldav 
Annual Scenario Jan Feb Mar Apr 
Drainage  
May Jun Jul Aug Sep Oct Nov Dec 
0 1 0 0 0 0 0 0 0 0 0 0 0 0 
100 2 -0.274 -0.274 -0.274 -0.274 -0.274 -0.274 -0.274 -0.274 -0.274 -0.274 -0.274 -0.274 
100 3 -0.662 -0.662 -0.662 0 0 0 0 0 0 0 -0.662 -0.662 
200 4 -0.548 -0.548 -0.548 -0.548 -0.548 -0.548 -0.548 -0.548 -0.548 -0.548 -0.548 -0.548 
200 5 -1.099 -1.099 -1.099 0 0 0 0 0 0 -1.099 -1.099 -1.099 
200 6 -1.325 -1.325 -1.325 0 0 0 0 0 0 0 -1.325 -1.325 
300 7 -0.822 -0.822 -0.822 -0.822 -0.822 -0.822 -0.822 -0.822 -0.822 -0.822 -0.822 -0.822 
300 8 -1.648 -1.648 -1.648 0 0 0 0 0 0 -1.648 -1.648 -1.648 
300 9 -1.987 -1.987 -1.987 0 0 0 0 0 0 0 -1.987 -1.987 
400 10 -1.096 -1.096 -1.096 -1.096 -1.096 -1.096 -1.096 -1.096 -1.096 -1.096 -1.096 -1.096 
400 11 -2.198 -2.198 -2.198 0 0 0 0 0 0 -2.198 -2.198 -2.198 
400 12 -2.649 -2.649 -2.649 0 0 0 0 0 0 0 -2.649 -2.649 
500 13 -1.370 -1.370 -1.370 -1.370 -1.370 -1.370 -1.370 -1.370 -1.370 -1.370 -1.370 -1.370 
500 14 -2.747 -2.747 -2.747 0 0 0 0 0 0 -2.747 -2.747 -2.747 
500 15 -3.311 -3.311 -3.311 0 0 0 0 0 0 0 -3.311 -3.311 
550 16 -1.507 -1.507 -1.507 -1.507 -1.507 -1.507 -1.507 -1.507 -1.507 -1.507 -1.507 -1.507 
550 17 -3.022 -3.022 -3.022 0 0 0 0 0 0 -3.022 -3.022 -3.022 
550 18 -3.642 -3.642 -3.642 0 0 0 0 0 0 0 -3.642 -3.642 
600 19 -1.644 -1.644 -1.644 -1.644 -1.644 -1.644 1.644 -1.644 -1.644 -1.644 -1.644 -1.644 
600 20 -3.297 -3.297 3.297 0 0 0 0 0 0 -3.297 -3.297 -3.297 
600 21 -3.974 -3.974 -3.974 0 0 0 0 0 0 0 -3.974 -3.974 
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D. 	The WAVE Model Results 
The following figures show the WAVE model results for some selected locations. 
Results are presented in terms of watertable depth and rootzone salinity, as well as in 
terms of crop yield response to the combined effect of water supply, salinity and 
waterlogging. 
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KARAOI AREA, LOCATION P3 
The effect of scenario A02 (300 mm Leaching, 100 mm Irrigation and 100 mm 
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KARAOI AREA, LOCATION P3 
The effect of scenario C05 (300 mm Leaching, 300 mm Irrigation, 200 mm 
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KARAOI AREA, LOCATION P3 
The effect of scenario 009 (400 mm Leaching, 400 mm Irrigation, 300 mm 
Drainage) on salinity build up in the rootzone at Karaoi, location P3 
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KARAOI AREA, LOCATION P3 
The effect of scenario E06 (300 mm Leaching, 500 mm Irrigation, 200 mm 
Drainage) on salinity build up in the rootzone at Karaoi, location P3 
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KARAOI AREA, LOCATION P3 
The effect of scenario F06 (200 mm Leaching, 600 mm Irrigation, 200 mm 
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KARAOI AREA, LOCATION P3 
7 
The effect of scenario G12 (400 mm Leaching, 600 mm Irrigation, 400 mm 
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KARAOI AREA, LOCATION P3 
The effect of scenario 119 (400 mm Leaching, 800 mm Irrigation, 600 mm 
Drainage) on salinity build up in the rootzone at Karaoi, location P3 
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KARAOI AREA, LOCATION P3 
The effect of scenario J19 (300 mm Leaching, 900 mm Irrigation, 600 mm 
Drainage) on salinity build up in the rootzone at Karaoi, location P3 
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BIRLIK AREA, LOCATION P3 
The effect of scenario A03 (300 mm Leaching, 100 mm Irrigation and 100 
mm Drainage) on salinity build up in the rootzone at Birlik, location P3 
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BIRLIK AREA, LOCATION P3 
The effect of scenario D09 (400 mm Leaching, 400 mm Irrigation and 300 
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BIRLIK AREA, LOCATION P3 
The effect of scenario F06 (200 mm Leaching, 600 mm Irrigation and 200 
mm Drainage) on salinity build up in the rootzone at Birlik, location P3 
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BIRLIK AREA, LOCATION P3 
The effect of scenario 118 (400 mm Leaching, 800 mm Irrigation and 550 
mm Drainage) on salinity build up in the rootzone at Birlik, location P3 
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BIRLIK AREA, LOCATION P3 
The effect of scenario J16 (300 mm Leaching, 900 mm Irrigation and 550 
mm Drainage) on salinity build up in the rootzone at Birlik, location P3 
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MAKHTALI AREA, LOCATION P9 
The effect of scenario B02 (200 mm Leaching, 200 mm Irrigation, 100 mm 
Drainage) on salinity build up in the rootzone at Makhtali, location P9 
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MAKIITALI AREA, LOCATION P9 
The effect of scenario J16 (300 mm Leaching, 900 mm Irrigation, 550 mm 
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E. The Prediction Run Output 
The following tables include the matrix program results. Results are presented in 
tenns of yield response to water supply, salinity and waterlogging as well as to the 
combined effect of these. It also includes the sustainability tables for the 
representative sites which indicate which of the optimum irrigation and drainage 
combinations are sustainable and which are not. Cost-Benefit Index tables are also 
included. 
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KARAOI AREA, LOCATION 23 
TOTAL YIELD, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.63 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	0.58 	0.58 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 0.71 0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.80 	0.79 	0.77 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	000 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.88 0.88 0.76 0.76 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.88 	0.77 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
O 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.88 0.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.90 	0.90 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.91 0.99 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.93 	0.00 	0.00 
KARAOI AREA, LOCATION P3 
YIELD RESPONSE TO WATER SUPPLY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.63 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	0.58 	0.58 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 0.71 0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.80 	0.79 	0.77 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.91 0.90 0.77 0.77 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.89 	0.77 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
O 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.90 0.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.90 	0.90 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.91 0.90 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.93 	0.00 	0.00 
KARAOI AREA, LOCATION 93 
YIELD RESPONSE TO SALINITY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	9 	9 	10 	11 	12 	13 	14 	15 	16 	17 	19 	19 	20 	21 
A 	0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.000.000.00 0. -3 -1 	coo 0.o0 0.00 0.00 -1 .00 0.00 
B 0.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 	0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 	0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
O 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 	0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 	0.00 0.00 0.00 1.00 1.00 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 0.00 	0.00 	0.00 	1.00 	0.00 	0.00 
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NAPAOI AREA, LOCATION 13 
YIELD RESPONSE TO WATERLOGGING, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.98 0.98 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.98 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
G 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.98 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.99 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	0.00 	0.00 
KARAOI AREA, LOCATION P3 
SUSTAINABILITY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
Y = UNSUSTAINABLE, S = SUSTAINABLE 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	 - Y Y - - - - - - - - - - - - - - - - 
I 	I 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 
- - - I I - - - - - - - - - - - - - - 	- 
D 	 - 	 - 	- 	- 	- 	Y 	I 	I 	 - 	- 	- 	- 	- 	- 	- 	- 	- 	- - 
E - - - I I I I  
	
F - 	- 	- 	- 	- 	I  
O 	 - - - - - - 	- 	- 	- 	I 	I  
H - 	 - 	- 	- 	- - - - I I  
I 	 - - 	- - - - 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	I 	I 
KARAOI AREA, LOCATION P3 
COST-BENEFIT INDEX, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 20 21 
A 0.00 62.00 55.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 57.40 57.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
C 0.00 00.00 0.00 0.00 69.10 68.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D ID.00 0.00 0.00 0.00 0.00 0.00 77.40 76.50 75.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
E 0.00 0.00 0.00 0.00 86.40 86.30 74.30 74.30 74.11' 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 0.00 0.00 00.00 0.00 85.80 74.60 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
G 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 87.40 85.00 84.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 87.30 86.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 87.20 85.10 0.00 
J 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 88.90 0.00 0.00 
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BIRLIK AREA, LOCATION 63 
TOTAL YIELD, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.00 0.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
B 0.00 	0.52 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.71 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.79 	0.79 	0.79 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.84 	0.85 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
0 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.87 0.88 0.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.95 0.84 0.86 0.00 0.00 0.00 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00, 0.98 0.96 0.00 0.00 0.00 0.00 
BIRLIK AREA, LOCATION 63 
YIELD RESPONSE TO WATER SUPPLY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.00 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	0.54 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.71 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
O 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.79 	0.79 	0.79 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.89 	0.88 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
O 	0.00 0.00 0.00 0.00 0.00 3.00 0.00 0.00 0.00 0.87 0.88 0.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.95 0.95 0.94 0.00 0.00 0.00 
0 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.98 	0.97 	0.00 	0.00 	0.00 	0.00 
BIRLIK AREA, LOCATION P3 
YIELD RESPONSE TO SALINITY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	0.95 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	11.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
6 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
0 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	0.00 	0.00 	0.00 	0.00 
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BIRLIK AREA, LOCATION P3 
YIELD RESPONSE TO WATERLOGGING, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	1.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	1.00 	0.00 	13.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.95 	0.97 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
0 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.89 0.92 0.00 0.00 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	0.98 	0.00 	0.00 	0.00 	0.00 
BIRLIK AREA, LOCATION P3 
SUSTAINABILITY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
Y = UNSUSTAINABLE, S = SUSTAINABLE 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A - - S - - - - - - - - - - - - - - - - - - 
B  
C - 	- 	- 	S 	S 	- 	- 	- 	- 	- 	- 	- 	- 	.- 	- 	- 	- 	- 	- 	- 	- 
D 	 - - - - - - S S S - - - - - - - - - - - - 
- - - - - - - - - - - - - - - - - - 
- 	- 	- 	S 	S 	- 	 - 	- 	- 	- 	-. 	- 	- 	- 	- 	- 	- 	- 	- 
G 	 - 	- - - - - - - 	- S S S - - - - - - - - - 
H - - - - - - - - - - - - - - - - .- 	- - - - 
I 	 - 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	S 	S S 	- 	- 	- 
	
S S 	- - - 
COST-BENEFIT INDEX, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	9 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 0.00 0.00 54.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.01' 50.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
C 0.00 0.00 0.00 69.80 69.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 0.00 0.00 0.00 0.00 0.00 77.00 76.80 76.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
E 	:00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
F 0.00 0.00 0.00 0.00 81.50 83.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
G '3.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 84.60 84.70 84.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
N 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 91.30 80.60 82.50 0.00 0.00 0.00 
J 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 94.00 92.30 0.00 0.00 0.00 0.00 
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MAKETALI AREA, LOCATION PR 
TOTAL YIELD, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.54 0.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	0.52 	0.52 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
G 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.83 0.84 0.00 0.00 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.98 	0.83 	0.84 	0.00 	0.00 	0.00 
MAKHTALI AREA, LOCATION P9 
YIELD RESPONSE TO WATER SUPPLY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.59 0.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	0.58 	0.58 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
0 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.97 0.96 0.00 0.00 0.00 
J 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.98 	0.98 	0.98 	0.00 	0.00 	0.00 
MAKNTALI AREA, LOCATION P9 
YIELD RESPONSE TO SALINITY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 0.91 0.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8 0.00 	0.89 	0.90 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01' 0.00 0.00 0.00 0.00 0.00 
0 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
G 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 
1 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	1.00 	1.00 	0.00 	0.00 	0.00 
MAKHTALI AREA, LOCATION PP 
hELD RESPONSE TO WATERL000I11G, ?.7ERAGE OVER LAST 10 lEAFS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	20 	21 
A 	0.00 1.00 1.00 0.00 0.00 
1
.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 	1.00 	1.00 	0.00 	0.00 	.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
C 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
G 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I . 0.00 0.00 0.00 0.00 0.00 CLOD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.86 0.88 0.00 0.00 0.00 
j 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	1.00 	0.85 	0.86 	0.01 	0.00 	0.00 
MAKHTALI AREA, LOCATION P9 
SUSTAINABILITY, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
1 = UNSUSTAINABLE, S = SUSTAINABLE 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	5 	6 	7 
A 	 S S - - - - 
B - 	S 	S 	- 	- 	- 	- 
- - - - - - 
- - - - - - 
- 	- 	- 	- 	- 
- - 	- - - - 
- - .- 	- - - 
- 	- - - 	- 	- 
J - 	- - 	- 	- - 
8 	9 10 11 12 13 14 15 16 17 18 19 20 	21 
- 	- - S S - - - - - - - - 	- 
- 	- - - - - - - S S S - - 	- 
MAKHTALI AREA, LOCATION P9 
COST-BENEFIT INDEX, AVERAGE OVER LAST 10 YEARS OF SIMULATION 
IRRIG. 	 DRAINAGE SCENARIO 
SCEN. 1 	2 	3 	4 	1 	6 	7 	8 	9 	10 	11 	12 	13 	14 	15 	16 	17 	18 	19 	10 	21 
A 	0.01 52.70 53.00 0.00 77Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.00 0.00 0.00 0.00 0.00 0.00 
B 0.00 50.80 51.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
C 	0.00 00.00 00.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
E 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 - 0.00 	0.00 
G 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 86.90 86.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
-i 0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
I 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 79.40 80.80 0.00 0.00 0.00 
j 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 94.30 79.40 80.50 0.00 0.00 0.00 
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